UNCLASSIFIED 
AD  NUMBER 

_ AD389945 _ 

_ CLASSIFICATION  CHANGES 

TO:  unclassified 

FROM:  confidential 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release,  distribution 
unlimited 


FROM: 

Distribution:  Further  dissemination  only 
as  directed  by  Air  Force  Aero  Propulsion 
Labaoratories,  Research  and  Technology 
Division,  Wright -Patterson  AFB,  OH,  45433, 
Jun  1966,  or  higher  DoD  authority. 


THIS  PAGE  IS  UNCLASSIFIED 


i‘i_L 


AFAPL-TR-66-73 


CONFIDENTIAL 


(Unclassified  Title) 


SLURRY  FUEL  PERFORMANCE  STUDIES 


'  SUMMARY  TECHNICAL 


RE^iSRT, 


.  "  •  /  ,  / 

/  ■ '  -  i. „  t  ■- 


Ujp  _ ,  / 

Technical  Report^ AFAPL^TR-66-73  [ 


iRcbert  L.  Durfee 
Atlantic  Research  Corporation 
/  I June,  2966  • 

(/ 


'"a  d  c 

was*?™!  nn 

||  MW  21 1968 
UtSi^u  U  L 


Air  Force  Aero  Propulsion  Laboratories 
Research  and  Technology  Division 
Air  Force  Systems  Command 
Wright-Patt erson  Air  Force  Base,  Ohio 

Tills  document  may  be  further  distributed  by  any  holder 
only  with  specific  prior  approval  of  the  Air  Force  Aero 
Propulsion  Laboratory,  APFL,  W  right-  Patte  rson  Air 
Force  Base,  Ohio,  45433. 


DOWNGRADED  AT  3  YEAR  INTERVALS 
DECLASSIFIED  AFTER  12  YEARS 
DOD  DIR  5200-10 


COPY  NO. 


CONFIDENTIAL 


ESPIONAGE  CLAUSE 


This  document  contains  information  affecting  the  national  defense  of  the 
United  States  within  the  meaning  of  the  Espionage  Acts,  Title  18,  U.S.C., 
Sections  793  and  794.  The  transmission  or  the  revelation  of  its  contents 
in  any  manner  to  an  unauthorized  person  is  prohibited  by  law. 


NOTICES 


When  Government  drawings,  specifications,  or  other  data  are  used  for  any 
purpose  other  than  in  connection  with  a  definitely  related  Government  procure¬ 
ment  operation,  the  United  States  Government  thereby  incurs  no  responsibility 
nor  any  obligation  whatsoever;  and  the  fact  that  the  Government  may  have 
formulated,  furnished,  or  in  any  way  supplied  the  said  drawings,  specifications, 
or  other  data,  is  not  to  be  regarded  by  implication  or  otherwise  as  in  any 
mariner  licensing  the  holder  or  any  other  person  or  corporation,  or  conveying 
any  rights  or  permission  to  manufacture,  use,  or  sell  any  patented  invention 
that  may  in  any  way  be  related  thereto, 


Copies  of  this  report  should  not  be  returned  to  the  Research  and  Tech¬ 
nology  Division  unless  return  is  required  by  security  considerations, 
contractual  obligations,  or  notice  on  a  specific  document. 


AFLC-WPAFB-MAR  66  1500 


FOREWORD 


m 


This  report  was  prepared  by  Atlantic  Research  Corporation.. 
Alexandria,  Virginia,  under  Air  Force  Contract  at  33(657)-l4336,  r 
The  contract  was  initiated  under  Project  ho.  304b,  "aviation  Fuels", 
Tusk  Wo.  3G46C&,  "Unconventional  Fuels".  The  work  was  administered 
under  the  direction  of  the  AF  Aero  Propulsion  Laboratory,  Research 
and  Technology  Division,  Wright-Fa+ terson  Air  Force  Base,  Ohio. 

Mr.  a.  K.  kengol  was  the  Project  Engineer. 

The  report  covers  the  work  performed  in  Phase  1  of  the 
'•subject  contract,  between  February,  1965  and  February,  1966. 
ur.  "Robert  L.  burfeo  was  responsible  for  the  administrative  and 
technical  aspects  of  the  program.  Mr.  William  II,  Sargent  also 
contributed  to  the  program.  Over-all  resj onsibility  for  the  manage¬ 
ment  of  the  program  was  charged  to  Dr.  Jack  M.  Spurlock,  Chief  of  the 
Engineering  Research  Group:,  and  Dr.  Michael  iiarkcls ,  Jr.,  Director 
of  tiie  Advanced  Technology  Department.  The  number  applied  to  this 
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ABSTRACT 


This  program  was  concerned  with  the  development,  characterisation, 
and  combustion  testing  of  advanced  boron  slurry  fuels  for  use  in  low- 
el  titudo  ramjet-powered  missiles.  Three  typos  of  boron  were  used:  commer¬ 
cial  grade;  submicron;  and  ultra-fine,  high  purity  boron.  Th rough 
extensive  ball -mi.  11  in;;  of  the  submicron  and  ultra-fine  powders,  slurries 
could  bo  formulated  (in  unveiled  JP-4  carrier)  which  were  competitive  with 
standard  r.ommere i al-grade  formulations  in  volumetric  heat  release,  rheology, 
and  stability.  Other  formulation  work  resulted  in  the  optimisation  of  a 
1965  "workhorse"  formulation  (basic  formulation  or  73  per  cent  hall-milled 
boron  in  gelled  JP-4)  and  a  slurry  of  washed  boron  in  isopropanol  which 
can  be  loaded  to  a  maximum  solids  content  of  about  80  per  cent. 

The  most  critical  trade-off  among  slurry  properties  is  between 
storage  stability  ant)  rheology  (yield  stress  and  viscosity)  at  low  temper¬ 
atures.  Based  on  work  at  the  University  of  Dayton  Resear  :h  Institute,  the 
apparent  viscositi.es  of  "standard",  shelf-st  'able  slurries  of  /3  per  cent 
boron  in  JP-4  and  75  per  cent  boren  in  isopropanol  at  100  sac  shear  rate 
and  -G5°F  arc  about  5,000  poise  and  4,000  poise,  respectively.  Reduction 
of  those  values  appears  to  be  one  of  the  most  immediate  problems  in  Cutue 
bo,. on  slurry  development. 

A  particle  (agglomerate)  sire  distribution  of  one  to  50  microns 

was  found  in  slurries  containing  b,  11-milled  commercial  boron.  Atomisation 

\ 

in  the  particle  mill  resulted  in  mostly  particles  between  25  and  100 
microns  in  diameter;  and  atomization  in  a  dual-fluid  injector  designed  for 
use  with  the  micro-ramjet  produced  particles  mostly  between  10  and  50 
mi  irons  in  diameter. 

Combustion  tests  were  performed  in  an  ambient-pressure  combustor 
and  a  3.5-inch  mi  ro-ramjet  engine  equipped  with  a  particle  mill  or  with 
a  dual-fluid  injector.  The  results  of  the  particle-mill  tests  established 
a  base-line  for  comparison  of  micro-ramjet  combustion  data  with  data  from 
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the  Mo.quardi  test  engine,  Trends  observed  in  combustion  per  burmane.i.1  as 
a  tun-lion  o.'  slurry  properties  Included  enhancement  <>  poriormnn  :e  .  urros- 
pondin-,  to:  .1  mo  -c  volatile  carrier;  smaller  pa  ..'tide  sires  resultin'.  ;  rum 
atom!  ei: inn ;  and  (possibly)  decontamination  o  1  the  surface.  Uil.li  the 
dual* i  luld  injccto-  the  slurry  containin',  70  per  cent  ultra- Cine,  hi.;.!i- 
pm.'lty  boron  performed  best  by  for,  indicatin',  a  s croup,  enhancement  due 
to  the  sma'l  parti  le  sire  when  t ho  slurry  is  well  atomi  od. 

Very  little  combustion  data  were  obtained  with  slurries  conlain- 
tnr:  dO  per  cent  solids,  because  of  dilation  of  these  slurries  in  the  Coed 
system.  The  two  most  promising  formula t ions  at  present  are  73  per  cent 
inllnwillrd  boron  in  polled  JP-4,  and  75  per  cent  ball-milled  boron  in 
isopropanol.  These  two  slurries  performed  similarly  in  the  partiolc-mi 11- 
mi ippr.d  micro-ram iet  cnpinc. 
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1.0  INTRODUCTION 

f  1.1  GENERAL  BACKGROUND 

The  complex  technology  associated  with  the  development  and  use 
of  boron  slurry  fuels  for  low-altitude,  ramjet-powered  missiles  has  been 
a  subject  of  widespread  interest  for  about  ten  years.  Prior  to  1964,  the 
primary  goals  of  the  research  programs  concerned  with  development  of  boron- 
containing  slurries  were  to  obtain  maximum  solids  loadings  at  minimum 
apparent  viscosity.  This  effort^has  resulted  in  a  number  of  promising 
slurry  formulations,  in  the  range  of  73  to  SO  per  cent  solids  (commercial- 
grade  boron),  which  exhibit  desirable  rheological  properties  at  room 
temperature,  adequate  storage  stability  properties,  and  reasonable  combustion 
performance. 

Since  1964,  the  optimisation  of  promising  formulations,  in  terms 

(2) 

of  stability,  rheology,  and  other  properties,  has  been  emphasised;  In 

addition,  possible  methods  of  enhancing  combustion  of  the  slurries  have  been 

(2) 

'  investigated.  Efforts  have  been  made  to  understand  the  various  inter¬ 

actions  which  occur  between  slung  components,  and  how  these  interactions 
affect  slurry  properties.  This  knowledge  has  aided  the  optimisation  of 
formulation  variables  in  order  to  obtain  desirable  properties. 

1.2  PROMISING  BORON  SLURRY  FORMULATIONS 

Two  general  types  of  boron  slurries  are  available:  systems  in 
which  a  gel  structure  is  used  to  support  the  solid  particles;  and  "solvated" 
systems  in  which  the  solid  particles  are  held  in  suspension  by  relatively 
strong  interactions  between  the  solids  and  the  carrier  (no  gellant  is 
required).  For  the  gelled  systems,  which  include  all  the  types  which  con¬ 
sist  of  a  hydrocarbon  carrier  containing  ball-milled  commercial  grade  boron, 
gelled  JP-4  appears  to  be  one  of  the  most  promising  car  iers.  Stable 
slurries  exhibiting  practicable  viicosities  (less  than  200  poise  at  100 
sec  1  shear  rate)  at  ambient  temperature  are  available  over  me  range  of 
solids  loading  from  70  per  cent  to  80  per  cent.  Typical  gellants  used 

,  with  this  system  include  substituted  polystyrenes*  and  aluminum  soaps.* 

*  <V  1 

«  Tradenames  and  manufacturers  aim  listed  in  Appendix  I. 
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The  best  wetting  agent  appears  to  be  glycerol  sorbit.au  laurate*  at  a 
concentration  of  three  per  cent  of  the  solids  weight. 

Thus  far,  the  most  promising  carrier  for  the  solvated  type  of 
boron  slurry  is  isopropyl  alcohol.  With  ball-milled  commercial-grade  boron, 
stable  slurries  showing  viscosities  of  less  than  200  poise  (at  100  sec 
arc  available  at  solids  loadings  from  70  to  about  80  per  cent  by  weight. 

Thus  far,  the  best  wotting  agent  for  these  slurries  is  n-octylaminc , 
present  at  three  per  cent  of  the  boron  weight. 

Ball-milling  the  boron  results  in  agglomerates  of  primary 
particles,  which  are  believed  to  be  welded  and/or  held  together  by  adhesive 
impurities  on  the  surface  of  the  primary  particles.  It  is  this  si?:e  dis¬ 
tribution  (and  the  associated  surface  area  reduction)  which  allows  desirable 
rheological  properties  of  the  slurries  at  solids  loadings  above  about  70 
per  cent. 

1.3  OBJECTIVES  OF  THE  PRESENT  PROGRAM 

The  results  of  the  boron  slurry  fuel  development  effort  performed 

by  Atlantic  Research  Corporation  under  Contracts  AF  33(616) -7432 , 

AF  33(657)-11260 ,  and  AF  33(657)-12290  led  to  the  definition  of  a  number 

(1  2) 

of  problem  areas  requiring  investigation.  ’  Many  of  these  problem  areas 
were  studied  during  the  program  covered  by  this  report,  performed  under 
Contract  AF  33(657)-14336. 

The  primary  objectives  of  this  program  were  to  develop  promising 
boron  slurry  fuels  for  use  in  a  low-altitude  ramjet  vehicle,  and  to 
evaluate  these  fuels  in  terms  of  physical  properties  and  combustion  per¬ 
formance.  In  order  to  accomplish  ,thcse  objectives,  the  following,  tasks 
were  undertaken: 

(1)  Development  and  evaluation  of  slurry  formulations  containing 

o  o 

ultra-fine  boron  powders  (150  A  to  1,500  A  particle 
diameters) ; 

(2)  Development  of  methods  for  economical  and  nond isortminatory 
combustion  testing  of  promising,  slurries  in  n  sub-scale  ramjet- 
engine ; 
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(3)  Establishment  of  a  ►base  line  fo.  comparison  of  sub-scale 
combustion  evaluation  with  other  slurry  combustion  testing; 

(4)  Definition  of  the  yariou3  trade-offs  which  exist  omonp,  boron 
slurry  properties,  and  application  of  these  trade-off 
functions  to  slurry  evaluation; 

(5)  Investigation  of  the  effects  of  temperature  on  the  rlftwlo^ical 
properties  of  promising  boron  slurry  formulations. 
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2.0  FORMULATION  AND  CHARACTERIZATION 

The  slurry  formulation  and  characterization  studies  performed  on 
this  program  included  work  in  the  development  of  slurries  containing  ultra- 
fine  boron  powders,  optimization  oi?  promising  slurry  formulations,  thc.-mal 
characterization  of  several  promising  formulations,  stability  testing,  and 
determination  of  particle-size  distributions  in  slurries. 


2. 1  DEVELOPMENT  OF  SLURRIES  CONTAINING  ULTRA- FINE  BORON 

Ultra-fine  boron  powders  were  considered  potentially  useful  in 

enhancing  the  combustion  properties  of  slurry  fuels,  due  to  the  small 

o  o 

primary  particle  sires  available  (150  A  to  1,500  A  particle  diameters). 

An  additional  improvement  in  slurry  combustion  performance  also  appears  to 
be  available  from  the  use  of  this  type  of  boron  because  of  the  high  purity 
of  the  powder(up  to  99.5  per  cent  free  boron). 


2.1.1  Types  of  Boron 

Three  types  of  boron  powder ,  which  differ  in  particle  sire,  purity, 
and  method  of  manufacture,  were  used  in  the  program.  A  summary  of  the 
properties  of  these  powders  is  presented  on  Table  I. 

The  manufacturers  from  whom  the  boron  powders  were  obtained  are 
listed  in  Appendix  I.  In  this  report,  ultra-fine  boron  powder  produced 
by  the  pyrolysis  of  diborane  will  be  referred  to  as  "high  purity,  ultra- 
fine  boron";  ultra-fine  boron  powder  produced  by  arc  reduction  of  BCl^ 
will  be  referred  to  as  "^ub-micron  boron";  and  boron  powder  nominally  one 
micron  in  diameter  produced  by  the  thermite  reduction  of  will  be 

referred  to  as  "cornmereigl-grade  boron". 

The  impurities  present  in  commercial-grade  boron  include  magnesium 
metal  (about  5.5  per  cent),  oxides  of  boron  and  boric  acid  (about  two  per¬ 
cent),  water  (up  to  two  per  cent),  ind  small  amounts  of  various  borates 
and  borides.  A  free  boron  analysis  of  commercial-grade  boron,  as  received, 
usually  indicates  approximately  90  per  cent  purity.  The  small  amount  of 
impurity  in  high  purity,  ultrafine  boron  (as  received)  is  hydrogen,  but 
this  type  of  boron  powder  will  rapidly  adsorb  water  from  the  atmosphere. 
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A  weight  increase  of  about  two  per  cent  has  been  recorded  for  an  exposed 
sample  within  two  hours,  but  nc  further  measurable  increase  in  weight  oc¬ 
curred  (the  relative  humidity  in  this  test  was  50  per  cent).  The  ultra- 
fine  boron  powder  is  produced,  packaged,  arid  shipped  under  an  inert 
atmosphere  of  nitrogen  gas. 

Chemical  analysis  of  the  sub-micron  boron  powder  (manufactured 
by  arc  reduction  of  boron  trichloride)  has  revealed  that  this  material  is 
about  35  to  96  per  cent  free  boron.  The  impurities  arc  believed  to  be 
mostly  boric  oxide,  boric  acid,  and  water,  but  a  small  amount  of  carbon 
is  also  usually  present.  .The  submicron  material  could  probably  be  supplied 
at  a  higher  purity  if  the  material  were  protected  from  contact  with  air. 


CINflOENTIAL 


2.1.2  Formulation  Variables  and  Properties 


The  solids  loadings  which  could  be  attained  with  as-received 
boron  produced  by  diborane  pyrolysis  (high  purity,  ultra-fine)  wore  about 
35  per  cent  in  JP-4  and  50  per  cent  in  isopropanol.  Solids  loadings  for 
as-received  boron  formed  by  BCl^  reduction  in  an  arc  process  (submicron) 

.o  s ■  .i:  .at  or  only  slightly  higher  in  the  same  two  carriers.  Increasing 
the  bulk  density  of  the  ultra-fine  boron  50  per  cent  by  shaking  24  hours 
on  a  laboratory  shaker  table  allow’d  solids  loadings  up  to  approximately 
55  per  in  JP-4  or  isopropanol t  Slightly  greater  loadings  (up  to 

61  per  cent  in  JF-4)  were  obtained  with  ultra-fine  boron  which  had  under¬ 
gone  several  hours  of  laboratory  ball -millin''.  Ball-milling  for  67  hours 
produced  a  relatively  thin  slurry  at  70  per  cent  by  weight  ultra-fine 
boron.  Optimisation  of  this  formulation  involved  variation  of  the  wetting 
a  ;ent  concentration  to  achieve  minimum  viscosity.  This  was  accomplished 
by  observation  only,  since  an  optimum  wetting  agent-to-boron  ratio  of  0.06 
to  1  was  established  in  work  at  the  50  per  cent  solids  level.  A  slurry  of 
70  per  cent  solids  with  a  wetting  agent-to-boron  ratio  of  0.04  to  1  was 
made,  but  it  was  extremely  viscous  in  comparison  to  the  first  slurry.  High 
wetting  agent  concentrations  were  also  considered,  but  the  resulting, 
slurries  were  very  thick. 
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Ball -mi  11  in;'  o  f  submicron  boron  for  67  hours  resulted  in  a 
slightly  grainy,  hut  loose  slurry'at  75  per  rent  solids.  The  ratio  of 
wetting  agent-to-boron  in  this  case  was  about  0.064  to  1,  which  also  had 
been  determined  as  optimum  at  the  50  per  cent  solids  level.  This  slurry 
of  75  per  cent  submi  :ron  boron  in  JP-4  and  the  slurry  of  70  per  cent 
ultra-fine  boron  in  JP-4  were  manufactured  in  15-pound  lots  for  use  in 
combustion  testing  in  the  micro-ramjet.  The  formulation  data  and  rheological 
data  for  these  two  slurries  are  presented  in  Figure  I. 


The  boron  used  in  these  slurries  was  ball-milled  in  a  steel 
laboratory  mill  for  67  hours.  It  should  be  noted  that  results  of  ehemi  a ) 
analysis  of  this  ball-milled  material  indicated  that  several  per  cent  of 
the  boron  may  be  oxidir.ed  during  the  ball-milling  operation. 


2.1.3  Discussion  of  Optimised  Slurries 

Even  though  no  gellant  was  used  in  the  ultra-fine  boron  slurries, 
they  have  appeared  to  be  very  stable  in  she If- storage  tests  up  to  21  months. 
This  stability  is  believed  to  be  the  result  of  the  presence  of  some  residual 
ultra-fine  particles  and  porous  agglomerates  which  interact  strongly  with 
each  other.  In  addition,  the  relatively  high  wetting-agent  concentrations 
used  may  enhance  particle-carrier  interaction  to  the  point  Oj  creating  a 
structure  capable  of  supporting  the  particles.  The  apparent  stability  o  i' 
these  slurries  does  not  compromise  their  desirable  viscosity  -  shear  rate 
relationships.  For  both  slurries  the  apparent  viscosity  o/er  a  shear  rate 
range  of  several  hundred  to  several  thousand  was  below  100  poise  at  ambient 
conditions.  These  results  compare  well  with  the  viscosities  which  have 
been  achieved  for  slurries  of  80  p^r  cent  ball-milled  commercial  boron 
in  JP-4  and  75  per  cent  ball-milled  commercial  boron  in  isopropanol. 

The  solids  loadings  attained  in  this  work  (70  per  cent  for  high 
purity,  ultra-fine  boron  and  75  per  cent  cor  submicron  boron)  appear  to  be 
near  the  upper  limits  for  the  ultra-fine  particle  powders.  Some  improve¬ 
ment  would  be  expected  from  extensive  ball-milling,,  which  might  be  pro¬ 
hibitively  time-consuming,  but  no  other  method  of  increasing  the  loadings 
of  the  high  purity  boron  is  presently  known.  Some  of  the  slurry  formulation 
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Figure  1.  Apparent  Viscosity  Versus  Shear  Rate  for  Final 
Ultra- Fine  Boron  Slurry  Formulations. 
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and  property  determination  work  with  high-purity  boron  powders,  and  in 

particular  the  earlier  work  at  lower  solids  loadings,  was  performed  under 

» 

Contract  No.  AF  33(657)-11260.  More  detailed  information  on  the  formu¬ 
lation  of  these  slurries  and  properties  of  the  high-purity  boron  powders 
is  available  in  the  Final  Report  for  that  contract  (Reference  1). 

2.2  DEVELOPMENT  OF  1965  "WORKHORSE"  FORMULATION 

Slurries  o':  ball-milled  boron  in  the  1964  "workhorse"  formulation 
(73  per  cent  boron  in  JP-4  with  an  aluminum  soap  gellant)  were  not  stable 
for  more  than  a  few  days  of  storage.  Since  this  formulation  was  considered 
a  standard  one  to  be  used  in  thermal  characteristics  studies  and  other 
testing,  effort  was  applied  toward  developing  a  mors  stable  "workhorse" 
formulation.  The  formulation  optimisation  for  this  slurry  was  based  on  the 
stability  under  centrifugation,  shelf  life,  and  rheological  properties. 
Based  on  the  optimization  of  80  per  cent  slurries  performed  under  Contracts 
AF  33(657)-11260(1)  and  AF  33(657)- 12290(2}  the  sell  in;-,  resin  selected 
was  a  modified  polystyrene  and  the  .vetting  agent  was  glycerol  sorbitan 
laurate.  The  concentration  of  the  wotting  agent  was  fixed  at  three  per¬ 
cent  of  the  solids  weight.  Therefore,  the  concentration  of  gelling  rosin 
in  the  JP-4  was  the  only  process  variable  studied.  In  this  study  the  gal¬ 
lant  concentration  ranged  from  zero  to  six  per  cent  of  the  carrier  weight. 

The  results  of  viscosity  determinations  and  the  separations 
(bleeding)  resulting  from  750  "g's"  for  24  hours  for  the  slurry  formulat¬ 
ions  used  in  the  optimization  are  presented  on  Table  II.  The  viscosities 
are  compared  at  100  sec  *  shear  rate.  More  complete  rheological  data  on 
these  and  other  73  per  cent  boron  formulations  using  different  gallants 
and/or  wetting  agents  are  available  in  the  Final  Report  under  Contract- 
Mo.  AF  33(657)-11260^ .  The  viscosities  on  Table  II  were  determined 
by  the  Severs  (extrusion)  method,  an*i  the  per  cent  separation  represents 
the  amount  of  dear  liquid  carrier  which  could  be  removed  by  methanol  ex¬ 
traction  after  centrifugation. 

The  data  on  Table  II  indicate  an  expected  increase  in  apparent 
viscosity  with  increasing  gel  lent  , onoentrat Lon.  The  amount,  of  scpar.it  ion, 
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TABLE  II 


COMPARISON  OF  APPARENT  VISCOSITY  AT  100  SEC*1  AND 
SEPARATION  UNDER  750  "G'S"  FOR  24  HOURS  FOR  WORKHORSE 
FORMULATIONS  (73  PER  CENT  BORON) 

CONTAINING  VARIOUS  GELLANT  CONCENTRATIONS 


APPARENT 

SEPARATION  AT 

NO. 

SLURRY 

FORMULATION 

VISCOSITY. 

AT  100  SEC* 

750  Vs"  , 
FOR  24  HOURS 

poise 

per  cent 

1 

Boron  (44  hr. jball-milled) 
Wetting .Agent 1 

Cellant 

-73.07. 

-  2.197. 

-  0.507. 

29 

8.5 

JP-4  Carrier 

\ 

-24.317. 

2 

Boron  (44  hr . -ball-milled) 

-73.00% 

42 

9.0 

Wetting  Agent 

-  2.19% 

GellantJ 

-  0.747. 

JP-4  Carrier 

-24-07% 

3 

Boron  (44  hr. „la 11-milled) 

-73.07. 

59 

3.5 

Wetting-Agent^ 

-  2.19% 

Gellanc 

-  0.99% 

JP-4  Carrier 

-23.827. 

4  Boron  (44  hr.  _t.all -mi  I  led)  -73.0% 
Wet ting -Agent  4  2.197. 

Gallant  -  1.497. 

JP-4  Carrier  -23.327, 


126 


0 


The  "per  cent  separation"  was  determined  as  the  weight  of  clear  liquid 
resultin''  from  centrifugation  times  100  divided  by  the  weight  o'  the 
original  sample.  Each  of  the  values  given  is  averaged  from  two  test 
values  obtained. 

^The  wetting  agent  used  was  glycerol  sorbitan  laurate 

3 

The  gcllant  was  a  modified  polystyrene 

(Manufacturers  are  listed  in  Appendix  I) 
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however,  dropped  9harply  for  Slurry  No.  3  (reliant  concentration  four  per 
:ent  of  carrier)  and  continued  Co  docrease  as  the  reliant  concentration  wa3 
increased  further.  On  Che  basis  of  these  results,  the  formulation  designated 
No.  3  in  Table  II  was  chosen  as  the  1965  "workhorse"  formulation  for  use  in 
systems  testing.  The  apparent  viscosity  o£  the  finalised  formulation  was 
59  poise  at  100  sec  ^  and  73  poise  at  60  sec  ^  shear  rates. 

2.3  THERMAL  CHARACTERIZATION  OF  BORON  SLURRIES 

The  temperature  ranse...over  which  boron  slurry  fuels  may  be  re- 
euired  to  operate  is  -65°F  to  +300°F.  A  temperature  of  -65°  represents 
the  lowest  ambient  temperature  (external  to  the  missile)  which  will  normally 
be  encountered,  and  +300°F  represents  Che  expected  upper  limit  of  temperature 
at  the  interior  wall  of  the  fuel  tank.  As  may  be  expected,  stability  is  the 
limiting  factor  at  the  higher  temperatures,  and  the  rheological  properties  of 
the  slurries  comprise  the  critical  operating  factor  at  the  lower  end  of  the 
temperature  range.  The  objective  ofthis  portion  of  the  program  was  to  de¬ 
termine  detrimental  ef  fects  of  high  and  low  temperature  on  slurry  per  for man  e , 
for  the  general  formulations  (at  several  values  of  solids  loadings)  of  ball- 
milled  commercial-grade  boron  in  gelled  JP-4  or  in  isopropanol. 

2.3.1  High  Temperature  Stability 

The  stability  of  boron  slurries  under  conditions  of  300°F  and 
500  lb/sq.in.  pressure  for  periods  up  to  24  hours  was  investigated  as  a 
part  of  the  slurry  atomi.-.ation  studies  (which  will  be  described  in  detail 
later).  Heating  for  long  periods  of  time  at  the  above  conditions  produced 
no  adverse  effects  in  a  slurry  of  75  pe .  cent  ball-milled  boron  in  isopropanol, 
but  a  slurry  of  73  per  cent  ball-milled  boron  in  JP-4  formed  a  hard  cake  in 
each  of  two  tests,  the  first  at  390°F  and  500  lb/sq.in.  for  24  hours,  and 
the  second  at  310°F  and  500  lb/sq.in.  for  four  hours.  In  the  tests  with 
the  JP-4  based  slurry,  however,  it  appeared  possible  that  an  adequate  seal 
had  not  been  obtained,  and  it  was  no t  known  whether  the  observed  hardontn  , 
of  that  slurry  was  caused  by  carrier  loss  or  by  polymer i ration  of  slurry 
components . 
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A  differential  thermal  analysis  of  the  same  JP-4  based  slurry 
was  performed  using  a  heated,  circulating  Lath  of  high- temper a Luce  silicone 
oil.  Hatched  thermocouples  were  placed  in  the  slurry  and  in  the  oil.  The 
results  of  this  test,  shown  on  Table  III,  indicated  that  no  exothermic  or 
endothermic  processes  occurred  within  the  slurry  when  heated  to  about  300°F 
for  over  two  hours. 

After  the  slurry  had  been  cooled  to  room  temperature  its  appear¬ 
ance  was  similar  to  that  before  heating;  in  fact,  the  slurry  appeared 
slightly  looser  after  being  heated.  Based  on  the  results  of  this  test  and 
the  poppet  atomiration  tests  using  isopropanol-’ ased  slurry,  (discussed  in 
detail  in  Section  3.2)  the  thermal  stability  criterion  of  400°F  for  four 
hours  with  no  detrimental  effects  appears  to  be  relatively  easily  attained. 
The  hardening  of  the  JP-4  based  slurry  during  the  poppet  a tomi cat ion  tests 
must  now  be  attributed  to  carrier  loss  through  vaporisation,  which  was 
permitted  by  a  poor  seal  in  the  apparatus. 

2.3.2  Effects  of  Low  Temperature 

The  experimental  work  described  in  this  section  was  performed 
by  the  University  of  Dayton  (Ohio)  Research  Institute  using  slurry  samples 
supplied  under  this  contract.  Interpretation  of  the  results  In  terms  of 
boron  slurry  stability  and  rheological  requirements  for  systems  applications 
was  the  responsibility  of  Atlantic  Research  under  the  present  program. 

Further  information,  including  characterisation  of  the  equipment,  procedures, 
and  more'  detailed  rheological  analysis  of  the  experimental  data  (includin  ; 
data  on  other  non-Newtonian  systems)  can  be  found  in  unclassified  memoranda 
produced  by  the  University  of  Dayton  Research  Institute  (References  3,4, 
and  5). 

2.3.  2.1  Tests  Conducted  y  UDRI 

The  two  types  of  viscometers  being  used  by  the  University  oi  Dayton 
Research  Institute  are  a  rotating  viscometer*  and  a  modified  version  of  the 
S  . vers  extrusion  rheometer  system  (supplied  by  Atlantic  Research).  The 
rotating  viscometer  used  is  a  concentric  cylinder  viscometer,  in  which  the 

* 

Trade  names  and  suppliers  are  listed  in  Appendix  I 
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TABLE  III 


BATH  AND  SAMPLE  TEMPERATURE  DATA  FOR  THERMAL  STABILITY 
TEST  AND  DIFFERENTIAL  THERMAL  ANALYSIS 
OF  73  PER  CENT  BORON- JP-4  SLURRY  AT^300  F  AND  500  PSIG 


ELAPSED  TIME 
hours 


BATH  SAMPLE 

TEMPERATURE  (T„)  TEMPERATURE  (T-)  A  T  =  (T_,  -  T„) 

°p  B  °F  &  °F  a  b 


0.75 

230 

• 

111 

119 

1.00 

268 

131 

137 

1.25 

322 

164 

158 

1.50 

345 

196 

149 

1.75 

368 

248 

120 

2.00 

362 

263 

99 

2.25 

348 

281 

67 

2.50 

345 

295 

50 

2.75 

338 

299 

39 

3.00 

340 

299 

41 

3.25 

338 

300 

38 

3.50 

338 

300 

38 

3.75 

332 

297 

35 

4.00 

332 

297 

35 

4.25 

332 

297 

35 

4.50 

337 

298 

35 

4.75 

336 

298 

38 

5.00 

336 

298 

3S 
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outer  cylinder  is  stationary  and  the  inner  cylinder  rotates  in  the  fluid. 

The  temperature  of  the  sample  is  controlled  by  a  liquid  bath  about  the  outer 
cylirv'  This  rotating'  viscometer  is  more  flexible  than  the  capillary  vis- 
comete  . stem  in  that  time-dependency  of  fluid  properties  as  well  as  approxi 
matrons  of  yield  stress  can  be  determined  quickly.  The  required  sample  sire 
of  about  50  milliliters  is  also  much  smaller  than  that  of  the  capillary 
system,  which  is  about  500  milliliters  for  the  typical  rheograms  determined 
by  Atlantic  Research  on  this  program.  The  rotating,  viscometer  is,  however, 
restricted  to  rather  low  shear  rates  in  the  case  of  very  viscous  slurries 

because  of  maximum  torque  limitations.  For  thin  boron  slurries,  or  at 

-l 


elevated  temperatures,  shear  rates  up  to  1000  sec 
tick  slu 
or  less 


can  be  achieved,  but 


for  thick  slurries  (viscosity  >  100  poise)  the  upper  limit  is  about  10 

-1 

sec 


*  Shear  stress-shear  rate  data  taken  with  the  rotating  and 
capillary  systems  by  the  University  of  Dayton  Research  Institute  a\-e  com- 

•  pared  with  Atlantic  Research  capillary  data  for  the  same  ?3  per  cent  solids, 
JP-4-based  boron  slurry  on  Figure  2.  The  Atlantic  Research  correlation  was 
based  on  the  assumption  of  a  power  law  fluid  in  the  region  of  shear  rate 
covered.  Formulation  data  for  the  slurry  (UD-6)  are  presented  on  Table  IV. 
According  to  Figure  2,  the  data  from  the  rotating  viscometer  are  consistent 
with  the  capillary  data  over  a  limited  shear  rate  range,  in  this  case,  10 

to  50  see  .  The  deviation  of  the  two  curves  at  higher  shear  rates  is 
typical  of  the  comparison  tests  that  were  made,  and  is  attributed  to  the 
'act  that  the  samples  tested  in  the  rotating  viscometer  are  tested  in  a 
fully  sheared  condition,  whereas  the  capillary  instrument  docs  not  allow 
sufficient  time  for  the  slurry  to  reach  a  fully  sheared  state.  Which  of 
the  two  tests  is  more  representative  of  a  given  flow  system  is  determined 
.  by  the  residence  time  of  the  slurry  in  the  system.  For  a  very  long  resi¬ 

dence-time  transfer  through  a  pipe  of  course,  the  rotating  viscometer 
(fully  sheared)  data  would  be  expected  to  apply  more  closely  than  the 
capillary  results. 

Some  rotating,  viscometer  points  were  taken  with  the  UD-6  slurry 
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Figure  2.  Shear  Stress  -  Shear  Rate  Data  for  Boron  Slurry  UD-6 
(Formulation  Data  on  Table  IV).  Temperature  68°F. 
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TABLE  IV 


APPARENT  VISCOSITIES  AT  -65°F  and  100  sec*1 
SHEAR  RATE  FOR  SLURRY  FORMULATIONS  USED  IN  RHEOLOGICAL 
STUDIES  AT  THE  UNIVERSITY  OF  DAYTON  RESEARCH  INSTITUTE 


Code 

No . 


Formula  Lion 


73. 

00% 

23. 

82% 

0. 

on 

19% 

100. 

00% 

73. 

00% 

24. 

06% 

0. 

75% 

2. 

19% 

100. 

c 

o 

73. 

00% 

24. 

31% 

0. 

50% 

2. 

19% 

iOO. 

00% 

73. 

00% 

24. 

81% 

2, 

,19% 

100. 

o 

o 

Gellant  Apparent 

Concentration  Viscosity  at 

Per  Cent  of  Car-  -65°^  and  100 

rier  sec  Shear  Rate 

Poise 


UD-6  Boron  (64-hr.  Ball -mi lied) 

JP-4 

Gellant  (Modified  Polystyrene) 
Nett  in;,  Agent  (Glycerol 

Sorbitan  Lauratc) 


VJH- 1.0  Boron  (64-hr.  Ball-milled) 
JP-4 

Gellant 
Viet  tin;  Agent 


'..11-13  Boron  (64-lir  Ball-milled) 
JP-4 
Go  :  lant 
l.'ett  La  .  A-  cut 


111-14  Boron  (64-hr.  Ball -mi  lied) 
JP-4 

Viet  tin"’  A";cnt 


5,350 


•30 


550 


The  same  ;;eUant  and  wetting  agent  were  used  for  all  of  the 
slurries (except  WH-14,  in  which  no  reliant  was  used). 
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ci L  shear  rates  It  .  than  0.1  see  \  but  these  low  shear  rotes  ore  believed 
to  be  beyond  the  limit  of  accuracy! for  the  apparatus.  The  daLa  as  shown 
Indicates  that  the  magnitude  of  the  yield  stress  of  the  UD-6  slurry  at 
room  temperature  is  approximately  J.0  dynes/sq.  cm.  (2  lb/sq.ft.). 

2. 3. 2. 2  System  Considerations  i.n  Rheological  Measurements 

In  general,  boron  slurries  are  pseudo-plastic  materials  which 
also  exhibit  time-dependent  and  viscoelastic  properties.  The  studies  at 
Dayton  University  with  the  rotating  viscometer  have  indicated  that  times 
of  the  order  of  one  second  may  be  required  for  a  flowing  slurry  to  reach 
a  fully  sheared  condition  in  a  duct;  therefore,  the  apparent  viscosity 
which  can  be  applied  to  a  slurry  in  a  transfer  line  would  most  likely  fall 
somewherp  between  the  values  obtained  from  relatively  short  rheometer 
cubes  (partially  sheared  state)  and  from  the  rotary  instrument  (fully 
sheared  state),  unless  the  L/D  ratio  of  the  line  were  extremely  large. 

It  would  be  helpful  to  determine  residence  times  necessary  for  attainment 
of  the  fully  sheared  state  in  a  tube,  which  can  be  accomplished  through 
the  use  of  a  range  of  capillary  L/D  ratios.  Another  potential  problem 
area  involves  the  use  of  a  high-shear  pump  for  pumping  slurry,  in  which  case 
the  slurry  flowing  downstream  of  the  pump  might  be  fully  sheared  or  sheared 
beyond  the  normal  fully  sheared  state.  In  the  latter  case,  the  pressure 
drop  (or  apparent  viscosity)  woul4  be  less  than  that  predicted  by  rotating 
viscometer  data  taken  at  the  fully  sheared  condition,  unless  rapid  slurry 
separation  resulted  from  the  shearing  action  of  the  pump. 

2.3. 2.3  Effects  of  Temperature  on  Boron  Slurry  Rheology 

The  effect  of  temperature  on  the  shear  stress  -  shear  rate  plot: 
for  the  UD-6  slurry  (formulation  on  Table  IV)  is  presented  on  Figure  3.  As 
expected,  the  shear  stress  for  a  given  shear  i-ate  increases  as  the  temper¬ 
ature  is  lowered.  The  effect  of  gallant  concentration  (modified  polystyrene 
gellant)  on  apparent  viscosity  at  various  shear  rates  over  the  temperature 
range  of  -65°F  to  +80°F  for  slurries  of  73  per  cent  ball-milled  boron  Lu 
JP-4  is  presented  in  Reference  3,  The  formulation  and  apparent  viscosity 
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Figure  3.  Effect  of  Temperature  on  the  Shear  Stress  -  Shear  Rate 
Relationship  for  a  Slui  ry  of  73  Per  Cent  Ball-Milled 
Boron  in  JP-4. 
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data  at  100  sec  *  shear  rate  and  -65°F  for  these  slurries  are  also  presented 

in  Table  IV.  The  slurry  containing  a  gellant  concentration  of  three  per  cent 

of  the  carrier  phase  (WH-10)  produced  apparent  viscosities  lower  than  any  of 

the  other  three  slurries,  including  the  sample  containing  no  reliant. 

« 

If  the  data  for  WH-10  are  excluded,  a  consistent  plot  of  apparent 
viscosity  (at  100  sec  )  versus  Reliant  concentration  at  a  given  temperature 
within  the  range  can  be  made  (for  example.  Figure  4).  For  the  -65°F  con¬ 
dition,  the  plot  on  Figure  4  indicates  that  a  "ellant  concentration  of  about 
1.5  per  cent  of  the  carrier  will  result  in  a  viscosity  of  400  poise  at  a 
shear  rate  of  100  sec  *. 

2. 3. 2. 4  Effect  of  Solids  Loading  and  Carrier 

Another  series  of  tests  was  performed  to  determine  the  effect  of 
solids  loadin'*  on  slurry  viscosity  at  low  temperatures.  The  formula tion 
data  for  these  tests  are  presented  in  Table  V.  Isopropanol  and  gelled  JP-4 
were  used  as  carriers,  and  the  solids  loadings  were  75  and  80  weight  per 
cent  for  the  isopropanol-baced  slurries  and  50,  73,  80, and  35  weight  per 
cent  for  the  JP-4  based  slurries.  Values  of  apparent  viscosity  for  these 
slurries  at  a  shear  rate  of  100  sec  ^  and  at  temperatures  of  -30°F  and 
-65  F  are  also  presented  in  Table  V.  The  experiments  from  which  these  data 
were  obtained  were  performed  by  the  University  of  Dayton  Research  Institute 
us  in;'  the  extrusion  rheometer. 

Accordin'*  to  the  data  in  Table  V,  the  use  of  isopropanol  as  a 
slurry  carrier,  instead  of  J?-4,  resulted  in  no  significant  difference  in 
values  of  apparent  viscosity  at  low  temperatures.  An  apparent  difference 
was  noted  between  the  viscosities  of  samples  UD-6  and  UD-4  at  -30  F,  hut 
the  general  trends  of  the  data  cast  doubt  on  the  low  value  at  -30°F  for 
slurry  UD-6  (73  per  cent  boron  in  gelled  JP-4). 

Although  most  of  the  data  points  in  Tabic  V  were  obtained  from 

extrapolation  across  an  order  of  magnitude  of  shear  rale,  the  relative 

Increases  in  viscosity  as  solids  loading  was  increased  are  consistent  with 

(2) 

trends  observed  for  similar  slurrie:  at  ambient  temperature 
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0  1  2  3  4  5 

GELLANT  CONCENTRA  TION  (weight  per  cent  of  carrier) 

Figure  4.  Effect  of  Modified  Polystyrene  Gellant 
Concentration  on  Apparent  Viscosity  of 
a  73  Per  Cent  Boron  JP-4  Slurry  at  -65°F. 
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TABLE  V 

EFFECTS  OF  SOLIDS  LOADING  ON  THE  APPARENT  VISCOSITY  AT 
LOW  TEMPERATURES  OF  SEVERAL  TYPES  OF  BORON  SLURRY 
FORMULATIONS,  BASED  ON  DATA  GENERATED  BY  UNIVERSITY  OF 
DAYTON  RESEARCH  INSTITUTE  USING  A  CAPILLARY  (Extrusion- 

Type)  RHEOMETER 

(All  Boron  was  Commercial  Grade,  Ball-Milled  44  hours) 


SLURRY 

SAMPLE 

NUMBER 


UD-4  75.00  PER  CENT  BALL-MILLED  BORON 

1.80  PER  CENT  n-OCTYL  AMINE 
23.12  PER  CENT  ISOPROPANOL 

UD-5  30.00  PER  CENT  BALL-MILLED  BORON 

2.40  PER  CENT  n-OCTYL  AMINE 
17.60  PER  CENT  ISOPROPANOL 

UD-12  50.00  PER  CENT  BALL-MILLED  BORON 

1.94  PER  CENT  GELLANTa 

1.50  PER  CENT  WETTING  AGENTb 
46.56  PER  CENT  JP-4 

UD-u  73.00  PER  CENT  BALL-MILLED  BORON  450  5350 

0.99  PER  CENT  GELLANT® 

2.19  PER  CENT  WETTING  AGENTb 
23.02  PER  CENT  JP-4 

UD-7  00.00  PER  CENT  BALL-MILLED  BORON 

0.70  PER  CENT  GELLANT® 

2.40  PER  CENT  WETTING  A ?ENTb 
16.90  PER  CENT  JP-4  i 

UD-8  85.00  PER  CENT  BALL-MILLED  BORON 

0.50  PER  CENT  GELLANT®  b 
2.55  PER  CENT  NETTING  AGENT 
_ 11.95  PER  CENT  JP-4 _ 

a.  THE  GELLANI  USED  WAS  A  MODIFIER  POLYSTYRENE. 

b.  THE  NETTING  AGENT  USED  IN  THE  J,?-4  BASED  FORMULATIONS  WAS  GLYCEROL 
SORBITAN  LAURATE. 

c.  THIS  TEST  WAS  MADE  AT  -35  . 
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2. 3. 2.5  Discussion  of  Low-Temperature  Effects  on  Viscosity. 

At  -65°F,  the  apparent  viscosities  at  a  shear  rate  or  100  sec  ^ 

(Co:  promising  types  of  boron  slurries  optimised  in  terms  or  minimum  vis¬ 
cosity  and  maximum  storage  stability  at  ambient  temperature)  are  approximately 
5000  poise.  This  resistance  to  flow  is  beyond  the  capability  of  many  types 
of  fuel  delivery  systems,  includin';  the  centrifugal  pumps  presently  planned 
Co*  use  with  the  boron  slurry  fuels.  Therefore,  it  is  recommended  that 
methods  of  reducing  the  viscosity  of  boron  slurries  at  low  temperatures, 
without  comp romising  other  properties  (stability,  combustion  performance, 
etc.)  be  investigated. 

An  apparent  viscosity  of  about  500  poise  at  100  sec  ^  appears  to 
lie  a  practicable  maximum  value  for  a  slurry  that  is  to  be  pumped  centrifugally. 
Perhaps  this  desired  tenfold  decrease  can  be  effected  by  altering  formulation 
variables,  through  improved  methods  of  boron  processing,  or  by  slightly  de¬ 
creasing  the  solids  loadings.  From  a  comparison  of  the  data  on  Figure  4  with 
the  data  at  -65°F  on  Table  V,  it  is  obvious  that,  for  the  JP-4  based  system, 
apparent  viscosity  at  low  temperature  is  a  much  stronger  function  of  gellanu 
concentration  than  of  solids  loading.  Therefore,  the  use  of  improved  gellants, 
which  can  provide  storage  stability  at  low  gellant  concentrations,  appear  to  be 
a  strong  possibility  for  reducing  viscosity  at  low  temperatures  for  this  type 
o  _  s lurry. 

2.3.3  Effect  of  Temperature  on  Yield  Stress 

Estimations  of  yield  stress  for  boron  slurries  at  various  temper¬ 
atures  were  obtained  by  extrapolation  of  the  University  of  Dayton  data,  from 
extrusion  rheometer  tests,  to  a  shear  rate  of  one  sec  .  This  method 
Is  considered  valid  only  for  an  order  of  magnitude  approximation  of  yield 
stress,  and  the  values  obtained  are  believed  to  be  conservative  on  the  high 
side.  The  estimated  yield  stress  values  are  presented  in  Table  VI.  It  is 
obvious  from  these  data  that  temperature  has  a  strong  effect  on  the  yield 
stress  of  boron  slurries.  The  yield  stress  of  isopropanol-hased  slurries 
appears  to  bo  higher  than  those  for  the  JP-4  based  slurries. 
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TABLE  VI 


ESTIMATION  OP  YIELD  STRESS  VALUES  AT  VARIOUS 
TEMPERATURES  FOR  TWO  BORON  SLURRY  FORMULATIONS 
(VALUES  OBTAINED  FROM  EXTRAPOLATION  OF  UNIVERSITY  OF  DAYTON 
RESEARCH  INSTITUTE  CAPILLARY  VISCOMETER  DATA  TO  ONE  SEC  SHEAR  RATE) 


Temperature  Estimated  Yield  Stress, 

lb/sq  ft. 

°F _  73%  Boron  in  JP-4  (1165  Workhorse)  75%  Boron  in  Isopropanol 


+  165  1 

Ambient  2  4 

+32  --  10 

Zero  3  30 

-30  8  50 

-65  105  200 
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TABLE  VI 

ESTIMATION  OF  YIELD  STRESS  VALUES  AT  VARIOUS 
TEMPERATURES  FOR  TWO  BORON  SLURRY  FORMULATIONS 
(VALUES  OBTAINED  FROM  EXTRAPOLATION  OF  UNIVERSITY  OF  DAYTON 
RESEARCH  INSTITUTE  CAPILLARY  VISCOMETER  DATA  TO  ONE  SEC  SHEAR  RATE) 


Temperature 

°F 

e  1 65 

Ambient 

+32 

Zero 

-30 

-63 
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Yield  stress,  which  may  be  described  ass  the  force  per  unit  area 
necessary  to  initiate  shear  (or  f low) ,  becomes  important  in  fuel-system 
startup,  especially  for  a  system  of  large  L/D  having  a  fairly  small  value 
of  pressure  drop  available.  According  to  Marquardt  engineers,  a  high 
yield  stress  could  create  startup  problems  in  the  bladder  feed  system 
presently  under  consideration  for  use  in  LASRM-type  missiles  because  of  a 
"coring",  or  blow-through ,  effect  in  the  bladder.  This  results  in  an  ef¬ 
fective  bladder  L/D  of  about  30  and  requires  that,  for  the  present  bladder 
design,  yield  stress  be  not  higher  than  about  12  lb/sq.  ft.  According  to 
Table  VI,  this  requirement  would  severely  limit  the  use  of  the  present 
slurries  at  low  temperatures. 

Two  methods  are  available  ...for  solving  this  problem,  and  perhaps 
a  combination  of  both  methods  would  result  in  elimination  of  the  difficulty. 
First,  the  bladder  tank  can  be  designed  to  reduce  the  coring  effect.  One 
method  of  accomplishing  this  may  be  to  provide  a  tapered  connection  from 
the  bladder  to  the  fuel  line.  Second,  gellants  may  be  available  which  will 
allow  reductions  in  yield  stress  at  low  temperature,  and/or  other  formulat¬ 
ion  variables  can  be  optimised  to  reduce  yield  stress  (for  instance, 
elimination  of  water  in  the  slurries). 

Some  progress  appears  to  have  been  made  on  the  second  method  o 
reducing  yield  stress.  Recent  yield  stress  data  generated  by  the  University 
of  Dayton  Research  Institute  on  slurries  made  with  a  promising  "aluminum 

i, 

salt"  gellant  are  presented  in  Table  VII.  Although  these  data  were  obtained 
with  the  rotating  viscometer,  they  should  be  at  least  as  valid  as  those 
obtained  by  the  extrapolation  method  and  presented  in  Table  VI.  The  very 
low  values  for  the  three  per  cent  gel  case  are  probably  misleading,  but 
che  remainder  of  the  data  indicate  that  yield  stresses  below  12  lb/sq.ft, 
at  -65°F  may  be  available  with  this  gellant.  However,  it  should  bo 
mentioned  that  these  formulations  have  not  been  investigated  in  terms  of 
storage,  stability  or  viscosity  at  ■ 65°F  and  100  sec  *  shear  rate. 

*  Manufacturers  are  listed  in  Appendix  I. 


a  4 


CONFIDENTIAL 


_ !  j  "  r-r-r- 


Atlantic  Research  Corporation 

ALEXANDRIA,  VIHCS  IN  I A 


CONFIDENTIAL 


TABLE  VII 


EFFECT  OF  TEMPERATURE  ON  YIELD  STRESS 
OF  BORON  SLURRIES  CONTAINING  "ALUMINUM  SALT" 

GELLANT  (BASIC  FORMULATION  -  73%  BALL-MILLED  BORON  IN  JP-4) 


Temperature 

Yield  Stress, 

lb /so  ft. 

0.5% 

1.6% 

3.6% 

4.0% 

6.0% 

°F 

Gel1 

Gel1 

Gel1 

Gel1 

Gel1 

Ambient 

— 

0.05 

0.45 

1.05 

1.42 

+32 

— 

0.11 

0.40 

1.25 

3.77 

♦ 

Zero 

— 

0.16 

0.55 

1.32 

4.47 

-30 

0.40 

1  ."24 

0.82 

1.42 

3.39 

* 

-65 

28.9 

6.15 

1.82 

9.51 

38.0 

The  reliant  concentration  is  expressed  as  the  percentage  of  the 
carrier  (lieuid  plus  gellant)  weight,  not  as  a  percentage  of 
the  total  formulation  weight. 
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2.4  SLURRY  STABILITY  TESTING 

The  present  requirement  for  slurry  storage  stability  specifies 
that  there  be  no  phase  separation  in  two  years  of  shelf  storage.  For  the 
formulations  presently  under  study,  this  requirement  appears  to  be  well 
within  their  capability.  In  fact,  a  formulation  which  has  not  exhibited 
"bleeding"  (syneresis)  after  about. three  months  of  shelf  storage  will  not 
separate  on  indefinite  storage.  However,  storage  stability  is  thus  far 
compromised  for  slurries  which  exhibit  low  viscosities  at  -65°F,  and 
slurries  optimised  for  low  temperature  rheology  may  necessarily  possess 
marginal  storage  stability  characteristics. 

2.4.1  General  Results  to  Date 

There  are  three  modes  of  storage  instability  in  boron  slurries, 
as  follows: 

(1)  Phase  separation  (syneresis  or  "bleeding") 

(2)  Increased  viscosity  (and  yield  stress) 

(3)  Gas  formation  resulting  in  decreased  bulk  density 

For  hydrocarbon-based  slurries  phase  separation  has  been  con¬ 
trolled  mainly  by  the  gellant  type  or  concentration  used.  Other  variables, 
including  wetting  agent  type  and  concentration,  and  the  method  of  boron 
processing  used,  also  affect  storage  stability,  but  it  has  proved  advan¬ 
tageous  to  optimize  these  variables  on  some  basis  other  than  storage 
stability.  For  instance,  a"standard"  ball-milling  time  of  44  hours  has 
been  established  on  the  basis  of  the  most  efficient  operation  (loading 
and  unloading  the  mill)  to  obtain  ball-milling  times  over  36  hours. 

For  isopropanol-based  slurries,  phase-  separation  is  controlled 
primarily  by  solids  loading,  although  ball-milling  time  and  we 1 1 in.;,  a  cent, 
joncentration  both  have  some  effect.  In  general  the  isopropanol-bascd 
slurries  are  more  stable  on  a  batch- Lo-ba tch  basis  than  the  hydi ooarbon- 
l.ased  slurries;  in  other  words,  for  a  given  hydro-uarbon-l-aseci  slurry 
optimised  on  the  Lasts  o  minimum  viscosity  and  maximum  stab,’  '  ty .  ti:» 
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is  a  high  probability  that  some  batches  will  not  bo  stable  to  phase  separ¬ 
ation,  whereas  Cor  the  solvated  slurries  there  is  a  low  probability  ol  batuh- 
to-boteh  nonreproducibility.  This  occurs  probably  because  of  the  more 
complex  nature  o£  tlie  chemical  interactions  which  occur  in  the  gelled  systems 
as  compared  to  the  more  simple  solvated  system.  This  relative  simplicity 
of  the  isopropanol-based  slurries  also  accounts  for  the  absence  of  vis¬ 
cosity  changes  during  storage  for  these  slurries.  In  the  gelled  system 
the  strength  of  the  gel  structure  is  strongly  dependent  on  the  amount  of 
wetting  agent  present  in  the  liquid  phase.  Most  of  the  wetting  agent 
migrates  to  the  boron  surface  during  mixing,  but  the  high  porosity  of  the 
boron  allows  it  to  slowly  adsorb  more  wetting  agent  during  storage,  which, 
in  turn,  allows  the  gel  structure  to  strengthen.  Viscosity  increases  up 
to  about  200  per  cent  have  been  observed  with  gelled  systems  as  shown  on 
Figure  5.  The  yield  stress  of  hydrocarbon-based  slurries  also  increases 
during  storage,  probably  through  the  mechanisms  described  above. 

Gas  formation  and  the  resulting  increase  in  pressure  and  re¬ 
duction  in  bulk  density  is  very  important  from  a  systems  standpoint. 

Bulk  density  reductions  of  25  per  cent  for  a  hydrocarbon-based  slurry 

and  0  per  cent  for  an  isopropanol-based  slurry  have  been  measured  in 

(2) 

previous  work  .  Obviously,  a  density  reduction  of  this  magnitude 
would  negate  the  potential  advantage  in  volumetric  heating  value  offered 
by  boron  slurry  fuels;  therefore,  the  elimination  of  gas  formation  in 
boron  slurries  appears  to  be  a  most  important  problem. 

The  gas  formed  in  the  hydrocarbon-based  slurries  is  hydrogen, 
and  the  mechanism  of  formation  is  believed  to  involve  chemical  reaction 
of  water  (or  hydroxyl  groups)  present  on  the  surface  of  the  boron  with 
the  boron  (or  possibly  with  some  impurity  such  as  magnesium).  Gas 
formation  can  probably  be  eliminated  through  removal  of  surface  water, 
either  through  vacuum  drying,  hydrogen  reduction  of  the  surface,  or  by 
washing  in  isopropanol. 
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2.4.2  Stability  to  Vibration 

Two  samples  of  the  1065  workhorse  formulation  formulation  (73 
per  cent  ball-milled,  conmerclal-gradc  boron  in  gelled  JP-4)  were  vibrated 
at  low  frequency  to  test  stability  to  separation  under  vibration.  The 
specific  conditions  used  were  50  cycles  per  second  for  seven  hours  at  5  "g" 
and  at  10  "g".  Neither  sample  exhibited  any  phase  separation,  but  signifi¬ 
cant  rheological  changes  were  found.  The  apparent  viscosity  and  yield 
stress  were  found  to  be  increased  by  a  factor  of  about  three  as  a  result 
of  the  vibration  tests,  as  shown  on  Figure  6.  This  increase  is  attributed 
to  accelerated  aging  (normally ,increase  in  viscosity  with  storage  time) 
resulting  from  the  vibration. 

2.4.3  Correlation  of  Storage  Stability  with  Stability  to 

Centrifugation _ ; _ 

Storage  of  the  slurry  samples  manufactured  during  the  optimisa¬ 
tion  work  on  the  1365  v;orkhorse  formulation  (see  Table  II)  resulted  in 
the  correlation  between  stability  to  separation  during  storage  (at  ambient 
temperature),  and  phase  separation  during  centrifugation,  shown  on  Table 
VIII.  Based  on  these  data,  a  slurrw  formulation  which  exhibits  less  than 
four  or  five  per  cent  separation  (weight  of  clear  liquid  produced  divided 
by  total  weight  of  sample,  expressed  as  a  percentage)  during  centrifugation 
at  750  "g"  for  24  hours  will  not  separate  in  storage  at  room  temperature. 

2 . 4 . 4  Correlation  of  Storage  Stability  with  Yield  Stress 

The  magnitude  of  the  yield  stress  of  a  boron  slurry  may  also  be 
n  measure  of  its  storage  stability.  Of  six  batches  of"1365  workhorse" 
slurry  (73  per  cent  boron  in  JP-4  gelled  with  four  per  cent  of  the  carrier 
weight  of  modified  polystyrene  gellant)  supplied  to  the  Marquardt  Corporat¬ 
ion,  one  separated  slightly  on  storage.  The  yield  stress  of  the  batch 
which  showed  separation  (Batch  I)  was  the  lowest  of  all  the  batches, 
as  shown  on  Table  IX.  These  results  indicate  that,  for  the  workhorse 
slurry,  a  yield  stress  of  about  two  ib/se.ft.  may  be  necessary  to 
prevent  separation.  For  slurry  fuel  systems  presently  unde  -  eons  i.de  ra  I  i  on 
a  maximum  yield  stress  of  12  to  15  lb/sq  ft  is  considered  acceptable. 
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TABLE  VIII 

RESULTS  OF  STORAGE  AND  CENTRIFUGATION  FOR  SLURRIES 
OF  73  PER  CENT  BALL-MILLED  BORON  IN  JP-4 
CONTAINING  VARYING  AMOUNTS  OF  MODIFIED  POLYSTYRENE  GELLANT 
_ (FORMULATION  DATA  ON  TABLE  in _ 


Separation 
in  Centrifuge 
at  750" 


Slurry 

No. 

Gellent  Content 

Per  Cent  of  Carrier 

Storage  Time  to 
Observable  Separation 

for  24  Hours 
(  Per  Cent  of 
Sample  Weight) 

UH-U 

6 

No  separation  after 

200  Days 

1.0 

UD-6 

4 

No  separation  after 

200  Days 

3.5 

SH- 10 

3 

60-80  Days 

9.0 

Ml- 13 

2 

60-30  Days 

8.5 

Ml- 14 

0 

3-4  Days 

8.5 
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TABLE  IX 

RELATION  OF  YIELD  STRESS3  OF  THE  1965  "WORKHORSE" 
BORON  SLURRYb  TO  STORAGE  AND  TRANSPORT  STABILITY 


tch  No. 

Yield  Stress 
at  70  F 
Lb/So.Ft. 

Remarks  on  Stability 

I 

1.03 

Separated  slightly  on 
transport  and  storage 

II 

2.23 

No  separation 

III 

4.39 

No  separation 

V 

2.50 

No  separation 

VI 

3.43 

No  separation 

a  Testing  performed  with  a  rotating  Viscometer  by  the  University  o' 
Dayton  Research  Institute. 


Formulation  as  follows: 

Ball-Milled  Commercial  Boron  73.00% 

JP-4  Carrier  23.82% 

Modified  Polystyrene  Gellant  0.99% 

Glycerol  Sorhitan  Laurate  (Wetting 

Agent)  2.19% 


100.00% 


32 


CONFIDENTIAL 


■  V  ............ 


Atlantic  Research  Corporation 

ALEXANDRIA,  VIRGINIA 


ClNFItENlUL 


2.4.5  Effect  of  Container  Geometry  on  Stability  to  Separation 

The  stal  i.li.ty  of  hydrocarbon-based  slurries  to  separation  also 
appears  to  depend  on  the  size  of  the  storage  container;  or,  specifically, 
on  the  diameter,  in  the  case  of  a  cylindrical  storage  vessel.  In  various 
storage  experiments  over  the  past  three  years  it  has  been  noted  that,  in 
a  number  of  instances,  slurries  which  do  not  separate  when  stored  in  glass 
jars  about  two  inches  in  diameter  will  separate  rapidly  when  stored  in 
jars  which  are  about  four  inches  in  diameter.  This  phenomenon,  which 
does  not  appear  to  apply  in  the  case  of  isopropanol-based  slurries,  may 
involve  a  critical  diameter  for  storage  containers  which  is  determined 
by  some  characteristic,  such  as  the  chain  length,  of  the  gellant.  The 
problem  of  a  critical  diameter  becomes  especially  significant  in  the 
case  oi  shipment  and/or  storage  of  slurries  in  large  drums. 

2.5  DEVELOPMENT  OF  ISOPROPANOL -WASHED  BORON  SLURRY 

As  a  general  rule,  slurries  oi  solid  particles  in  liquids  can 
be  loaded  to  higher  solids  loadings  (or,  conversely,  will  produce  lower 
viscosities  at  a  constant  solids  loading)  when  a  distribution  of  particle 
sines  is  used.  There  are  exceptions,  however,  which  can  be  attributed  to 
irregularity  o£  particle  shapes,  particle  porosity,  or  the  use  of  extremely 
fine  particles.  In  most  of  these  exceptions  high  viscosity  is  believed  to 
be  caused  by  the  large  surface  areas  and  the  subsequent  large  amounts  of 
adsorption  of  the  carrier  (or  surfactant,  in  some  cases)  resulting  from 
the  properties  mentioned  above. 

Desirable  blending  of  particle  sites  might  include  particle 
diameters  in  a  ratio  of  from  five  to  ten,  and  in  a  ratio  of  about  five 
to  ten  parts  of  the  larger  particles  to  one  part  of  the  smaller  particles 
for  a  typical  bimodal  distribution.  Such  a  distribution  appeared  to  be 
possible  with  washed  commercial  grad^  boron  (~1  micron  in  diameter)  and 
the  submicron  boron  (about  1,000  A  or  0.1  micron  in  diameter).  The  carrier 
used  was  isopropanol,  and  the  overall  objective  of  the  test  was  to  increase 
the  solids  loading  of  a  washed  boron  slurry  in  isopropanol  above  the  65  per 
cent  leval  attainable  with  washed  commercial  boron  alone. 
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The  commercial  boron  used  had  been  ball-milled  44  hours  and 
washed  several  times  in  boiling  isopropanol  for  removal  of  surface  con¬ 
tamination  prior  to  mixing  with  the  submicron  sample.  The  ratio  used  was 

about  6  parts  comnercial  boron  to  one  part  ball-milled  sub-minron  boron. 

• 

The  mixture  was  made  to  about  40  per  cent  solids  by  adding  Isopropanol. 

This  thin  slurry  was  then  boiled  for  an  hour,  allowed  to  cool  and  settle, 
and  the  clear  liquid  was  decanted  off.  This  washing  procedure  was  repeat¬ 
ed  once.  The  produce  was  placed  in  a  mixer  and  mixed  without  sealing  the 
mixer.  Thus,  the  carrier  could  slowly  escape  during  the  mixing  operation. 
Solids  loadings  were  determined  about  once  a  day.  At  solids  loadings  of 
46  and  52  per  cent  the  slurry  was  very  fluid.  The  slurry  began  to  thicken 
considerably  at  a  solids  loading  of  67.. 5  per  cent,  which  was  taken  to  be 
the  maximum. solids  loading  for  the  formulation.  This  result  may  represent 
a  slight  increase  in  attainable  solids  loading  through  the  addition  of  sub¬ 
micron  boron,  but  the  difference  is  not  significant  in  terms  of  theoretical 
volumetric  heat  release. 

The  next  test  of  this  formulation  included  the  use  of  n-octyl 
amine  as  a  wetting -agent  at  a  concentration  of  three  per  cent  of  the  boron 
weight.  The  procedure  of  the  test  included  addition  of  the  wetting  agent 
to  the  mixture  containing  67.5  per  cert  solids,  followed  by  mixing  in  an 
unsealed  mixer  heated  by  a  hot  water  jacket  until  the  slurry  dried  up  into 
hard  spheres.  Then  isopropanol  was  ac'ded  at  intervals  until  thick,  but 
wet,  slurry  was  produced.  The  solid^  Heading  at  this  point  (considered 
the  maximum  for  the  formulation)  was  78.8  per  cent,  or  about  17  per  cent 
higher  than  that  of  the  mixture  containing  no  wetting  agent. 

More  isopropanol  was  added  in  order  to  reach  a  solids  loading 
of  75  per  cent,  for  comparison  with  other  slurries  at  this  solids  loading. 
The  actual  solids  loading  after  dilution  was  74.3  per  cent.  (In  this 
test  the  attainment  of  exactly  75  per  cent  solids  would  have  been  very 
difficult  since  the  total  weight  of  s  .urry  could  not  be  determined.)  It 
should  be  noted  here  that  t*he  residual  dried  material  resulting  from  the 
solids  loading  determinations  was  tested  for  amine  content  contributed 
by  the  wetting  agent.  Since  no  amine  was  found  by  spectroscopic  analysis, 
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it  can  be  assumed  that  the  solids  loadings  are  correct  as  stated. 

A  plot  oi  apparent  viscosity  versus  shear  rate  tor  the  resulting 
slurry  (at  74.3  per  cent  solids)  Is  presented  on  Figure  7.  According  to 
Figure  7,  the  slurry  was  strongly  pseudo-plastic  and  showed  no  indication 
o.  dilatant  behavior  up  to  a  shear  rate  of  10,000  sec  *.  The  final  slurry 
was  very  smooth  anti  was  similar  in  appearance  to  iaopropanol-based  slurries 
containing  ball-i...'  lied  boron. 

This  type  of  simple  slurry  may  prove  very  desirable  in  terms  of 
storage  stability,  rheological  properties,  and  (possible)  combustion  effi¬ 
ciency.  Thus  far,  it  appears  that  the  solids  loading  limit  may  be  around 
80  per  cent,  which  could  prove  to  be  sufficient  to  compete  with  gelled 
slurries  since  hydrocarbon-based  slurries  at  80  per  cent  solids  tend  to 

l 

uecome  dilatant  at  the  higher  shear  rates.  Viscosity  oi  the  "simple" 
formulations  containing  several  types  of  washed  boron  may  be  far  from 
optimised,  since  several  variables  (size  distribution,  wetting  agent  type 
and  concentration)  are  involved.  We  believe  that  this  is  one  of  the  most 
promising  formulations  yet  developed,  and  that  further  work  should  be  done 
to  investigate  its  rheological  optimisation  and  combustion  characteristics. 

2.6  BORON  SURFACE  CHEMISTRY  EXPERIMENTS 

The  boron  surface  chemistry  work  performed  on  this  program 
included  determinations  of  surface  areas  of  the  various  types  of  boron 
povjders  used  in  the  work  on  combustion  and  formulation  and  deteminat ions 
of  boron  surface  reactivity  with  various  adsorbates  which  might  clarify 
the  large  differences  in  chemical  reactivity  observed  in  combustion  tests 
with  various  slurries.  Surface  area  work  was  performed  on  high-purity, 
ultra-fine  boron  powders,  commercial-grade  boron  powders,  and  processed 
boron  powders  under  this  contract.  The  remainder  of  the  surface  chemistry 
studies  were  directed  toward  definition  of  the  impurities  on  the  surface 
of  the  boron  and  their  effects  on  combustion  of  atomized  slurries  of 
various  types.  A  detailed  account  o£  the  techniques  and  apparatus  used 
in  the  boron  surface  chemistry  work  during,  1964  and  1966  under  Contract 
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No.  AF  33(657)*11260,  and  during  1965  undar  this  program,  may  be  found  in 
KeFarcnce  6,  The  same  report  includes  correlations  between  observed  boron 
surface  phenomena  and  slurry  storage  and  rheological  properties. 

2.6.1  Surface  Areas  of  Ultra-Fine  Boron  Powders 

The  surface  area  of  the  submicron  boron  (produced  by  BCl^ 
reduction)  was  determined  by  the  B.E.T.  technique  (Reference  6)  to  be  about 
55  sn  m/gm,  as  compared  to  17.7  sq  m/gm  for  commercial  boron  (90-92  per 
cent  pure)  and  about  135  sq  m/gm  for  ultra-pure  boron  mode  from  the 
pyrolysis  of  dlborane.  Very  little  effect  of  degassing  temperature  on 
surface  area  was  observed  for  the  submicron  boron.  The  results  of  these 
tests  are  summarised  on  Table  X. 

2.6.2  Methanol  Isotherms  with  Ultra-Fine  Boron 

The  following  values  were  obtained  for  methanol  adsorption  isotherms  on 
submicron  boron  over  the  range  of  activation  temperature  specified: 

Methanol  Uptake  to  Monolayer 
Activation  Temperature  G  Coverage,  cu  ern/sq  m 

25  0.183 

160  0.151 

318  0.187 

318  0.203 

Those  values  and  the  shape  of  the  plot  of  methanol  uptake 
versus  activation  temperature  for  submicron  boron  powder  are  consistent 
with  the  data  for  both  high-purity,  ultra-fine  boron  and  conrnereial-grade 
boron  reported  elsewhere^^.  The  reduction  in  methanol  uptake  between 
25°G  and  160^0  activation  temperature  indicates  a  surface  change  between 
these  temperatures,  strongly  suggesting  that  some  surface  contamination 
is  present.  For  the  submicron  boror,  this  was  borne  out  by  a  series  of 
chemical  analyses  which  indicated  a  free  boron  concent  of  95  to  97  por 
:ent ,  or  somewhat  below  the  nominal  99  per  cent  level. 

2.6.3  Reduction  Surface  Area  of  High-Purity,  Ultra-Fine  Boron 

Surface  areas  of  processed  and  unprocessed  high-purity,  ultra- 
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TABU  X 

COMPARISON  OF  SURFACE  AREAS  OF  THREE  ... 

TYPES  OF  BORON  POWDERS  (AREAS  DETERMINED  BY  B.E.T.  TECHNIQUE)1' ' 


Tvne  o l  Boron 

Nominal  Diameter 

Per  Cent 

Outj’flssinp 

Temgeratute 

B.J 

Sur  race 
sr>  m/nm 

Commercial 

0. 7-1. Ou. 

90-92 

25 

1/.  7 

High-Purity , 

Ultra-Fine  (Formed 
by  Pyrolysis  oi 
Diborane ) 

60-160A0 

99.9 

25 

135 

Submi.ron  (Formed  by 

Arc  Reduction  ui 

BCl3) 

300- 500 A° 

(3  x  10  ^to 

5  x  10  u  ) 

96 

25 

54.  / 

Submicron 

ii 

i\ 

160 

55.6 

Submicron 

ii 

II 

316 

ou .  6 
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line  bmon  were  determined  by  the  B.E.T.  technique.  Tin;  results  shown  on 
Tonic  XI,  indicate  chat  ha  1 l-milling  is  a  better  method  01  compacting  this 
bo run  powder  chan  washing  and  vacuum  drying.  Tliis  material  emerged  u*om 
the  vacuum  oven  as  a  very  Huffy,  loosely  agglomerated  powder  which  return 
od  to  the  line  powder  state  under  the  slightest  agitation. 


2.0.4  Methanol  Adsorption  Teat  Results  with  Commercial  Duron 


It  hes  boon  demonstrated'  '  that  slurries  containing  boron  which 
hu.s  been  washed  in  a  solvent  to  remove  tho  normal  surUu.e  contaminants  are 


more  active  chemically  tor  combustion  at  ambient  pressure  conditions  than 
slurries  containin'  as-received  or  ball -mi lied  boron  powder.  A  study  was 


made  to  determine  the  extent  and,  if  possible,  the  basis  of  this  enhanced 
reactivity.  Methanol  vapor  was  absorbed  onto  the  surface  ot  coumerc la L 
boron  after  various  treatments  (washing,  ball-milling,  etc.)  and  following 
a  ran  e  ol  sample  activation  temperatures  at  a  pressure  of  10  u  torr . 


Tin:  general  results  of  these  tests  are  shown  on  Figure  y.  Ball- 
milled  boron,  which  is  typified  by  the  44-hour  milled  material,  shows  a 
.greater  over-all  reactivity  with  methanol  vapor  than  washed  uoron  (whether 
milled  no fore  washing  or  not).  The  unwashed  material  a  iso  showed  a  largo 
increase  in  methanol  adsorption  per  unit  area  at  an  activation  temperature 
ol  100°C.  Those  results  indicate  that  the  over-all  reactivity  of  boron 
with  methanol  is  reduced  by  the  washing  process,  instead  of  being  enhanced 
as  was  predicted.  The  increase  in  rt activity  ol  the  unwashed  material  at 
100°F  activation  is  attributed  to  removal  of  some  surface  contamination  at 
100°C  and  10  torr  which  was  not  volatile  at  25°C  and  10  °  torr. 


The  amount  of  methanol  chemisorbed  onto  the  boron  samples  is 
probably  move  of  an  indication  of  their  chemical  activity.  Chemisorption 
data  corresponding  to  the  total  adso-ption  data  on  Figure  8  are  presented 
on  TaiMe  XII.  It  is  significant  that1  the  ball-milled  boron  did  noL 
chemisorb  tethanol  prior  to  being  either  heated  to  an  activation  temperature 
of  100°C  or  washed  and  vacuum  dried.  In  either  case,  removal  of  contaminants 
enhanced  the  chemisorption  of  methanol.  Another  parameter  which  is  important 
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TABLE  XI 


SURFACE  AREA  MEASUREMENTS  DY  B.E.T.  TECHNIQUE 
FOR  PROCESSED  HlGH-PURITY,  ULTRA- FINE  BORON  POWDRP 
(FORMED  BY  PYROLYSIS  OF  DIBORANE) 


To s i  No . 


Process  In;* 


Surluce  Area 
s  fiin  /  ;;m 


None 

(As  v’cceived) 


Water-Washed  and 
Vacuum  Dried 


Dry  Ball-Milled 
Approve.  Four  Hours 


CONFIDENTIAL 


METHANOL  UPTAKE  (cu  cm  sq  m) 


ftn«MTtr  #c«t  mkh  cawHMMt »a* 


•MHHtNft 


Figure  8,  Methanol  Uptake  Versus  Activation  Temperature  tor 
Ball-Milled  Commercial  Boron  Before  and  After 
Washing  in  Watertand  Vacuum  Drying. 
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to  combustion  oi  solid  particles,  the  effective  surface  area,  is  also 
presented  for  the  same  samples  on  .Table  XII.  The  surface  area  data  tor 
these  samples  indicate  that  the  surface  areas  of  the  washed  samples  was 
creater  than  that  of  the  unwashed  samples  throughout  the  range  of  activation 
temperatures . 


I !  it  is  assumed  that  the  chemical  activity  is  proportional  in 
the:  number  of  active  sites  per  gram  ftf  boron,  then  the  activities  of  washed 
and  unwashed ,  ha 1 1 -mi  1  led  boron  can  he  compared  on  a  relative  basis,  as 
shown  on  Table  XIII.  The  relative  value  o  i:  active  sites  per  gram  was  de¬ 
termined  as  the  amount  of  methanol  chemisorbed  per  square  meter  of  surface 
area  times  the  effective  surface  area  in  square  meters  per  gram.  Accord- 
in,'-  to  Table  XIII,  the  number  of  active  sites  available  per  grata  on  the 
’./ashed  boron  was  equal  to  or  greater  than  those  for  die  unwashed  sample  ex- 
.opt  artcr  100  C  activation. 

These  results  indicate  that  surface  activity  o  boron  can  lie 
enhanced  by  removal  of  impurities,  whether  by  vaporisation  <u  surface 
contaminants  or  by  removal  through  solvent  extraction.  The  magnitude  o. 
the  act  vity  enhancement  in  these  studies  becomes  significant:  when  com¬ 
pared  to  a  value  of  ero  chemisorption  of  methanol  '.or  the  ball-milled 
sample  (unwashed)  activated  at  25°C  4iid  10  ^  torr. 

In  die  slurry  combustion  wt rk  performed  to  dam  the  results  oi 

activity  enhancement  through  boron  surface  improvement  alone  have  been 

oi  served  in  only  two  cases,  'noth  as  results  of  ambient  pressure  combustor 

(?) 

tests  ,  as  follows  : 

(1)  It  has  been  observed  that  washed  boron  in  isopropanol 

carrier  (50  per  cent  so. ids,  no  wetting  agent)  is  more 

1 

active  than  as-received  boron  i.n  isopropanol  oi  a 
similar  formulation. 

(2)  'Pie  use  ol  isopropanol,  which  is  a  solvent  for  oxi.cli.red 
boron,  as  a  carrier  for  ball-milled  boron  instead  of 
JP-4  results  in  enhanced  chemical  activities  for  similar, 
solids  loadings. 
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TABLE  XIII 


COMPARISON  OF  CHEMICAL  ACTIVITY  OF  CASHED  AND  UNWASHED 
SAMPLES  OF  COMMERCIAL  BORON  IN  TERMS  OF  METHANOL 
CHEMISORBED 

(ASSUMED  PROPORTIONAL  TO  THE  NUMBER  OF  ACTIVE  SITES) 
PER  GRAM  OF  SAMPLE  (BORON  BALL-MILLED  44  HOURS .WASHED  IN 
_ WATER  OR  UNWASHED)  . _ 


ACTIVATION 
TEMPERATURE ,  °C 


METHANOL  CHEMISORBED*  ,  ,J  ■  CM  ■  / Cf ! . 
UNWASHED  SAMPLE  WASHED  SAMPLE 


25 

0 

0.6 

100 

2.6 

1.3 

200 

2.5 

2,5 

300 

2.4 

3.0 

It  is  assumed  that  the  number  of  active  sites  available.'  is  proportional 
to  the  amount  of  methanol  chemisorbed  per  j;ram. 
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The  results  o if  other  comparisons  of  washed  versus  unwashed  boron, 
such  as  results  oj  mi  -.ro- ramjet  engine  tests  described  later,  may  also  de¬ 
pend  on  surface  conditioning.  In  these  tests,  however,  the  results  obtained 
also  depend  oil  atomisation  efficiency,  carrier  volatility,  etc.,  so  that  the 
el.  eots  of  surface  treatment  are  much  more  obscured  than  in  the  direct  com¬ 
parisons  mentioned  above. 

The  present  interpretation  of  the  numerical  values  on  Table  XIII 
is  as  follows: 

(.1)  The  impurities  on  the  surlace  of  the  unwashed  boron  are 
mostly  boric  acid  and  other  compounds  involving  chemi¬ 
cally  bound  water.  As  the  temperature  is  elevated,  some 
of  these  compounds  are  vaporised  away  and  those  remaining 
are  decomposed  to  water  vapor  and  boric  oxide  (B^O^)  which 
remains  on  the  surface.  Since  boric  oxide  is  essentially 
non-volatile  and  stable,  the  surface  activity  docs  not 
change  further  as  the  temperature  is  increased. 

(2)  The  impurities  on  the  surface  of  the  washed  samples  may 
be  a  series  of  boric  oxides  and  borates,  some  or.  which 
are  either  vaporised  or  decomposed  at  each  succeeding 
increase  in  activation  temperatures.  Thus ,  the  surface 
reactivity  is  increased  as  more  and  more  boron  is  exposed 
through  removal  of  contaminants. 

2.6.5  Other  Surface  Chemistry  Work 

2.6.5. 1  Treatment  with  Reducing  Atmosphere 

Ball-milled  commercial  boron  powder  was  treated  by  hydrogen  gas 
at  350°G  in  order  to  determine  if  surface  properties  could  be  enhanced 
by  hydrogen  reduction  of  contaminants.  Exposure  to  hydrogen  was  accomplished 
in  a  heated,  continuous  flow  reactop,  the  erfluent  gas  from  which  was 
stripped  of  volati  lir-.cd  material  by  a  liquid  nitrogen  trap.  Significant 
c.uantiticF  of  boric  acid  and  water  were  collected  in  the  crap  at  the 
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beginning  of  each  run. 

The  resulting  reduced  boron  powder  showed  a  very  low  surface  urea 
(5.6  sq.m./gm.),  but  the  removal  of  surface  contaminants  resulted  in  rela¬ 
tively  high  methanol  uptakes  on  an  area  basis.  Chemisorption  was  also 
noted  after  25°C  activation.  The  product  of  chemisorbed  methanol  per  unit 
area  times  surface  area  produced  results  very  similar  to  those  presented 
on  Table  XIII  for  washed  boron. 

Tlie  reduced  material  could  not  be  made  into  a  successful  slurry 
without  further  treatment  because  of  extensive  agglomeration.  The  presence 
of  agglomeration  also  indicates  that  much  of  the  contamination  remained 
(probably  as  after  the  reduction  procedure. 

2. 6. 5. 2  Catalytic  Activity  of  Boron 

It  has  been  reported  previously  that  heating  boron  onto 
which  methanol  has  been  adsorbed  produces  a  variety  of  gases,  such  as 
methane,  ethane,  ethanol,  propane,  and  hydrogen.  The  reduction  of  meth¬ 
anol  by  boron  contaminated  with  oxide  thus  appears  likely.  In  order  to 
determine  the  extent  of  such  catalytic  activity,  nitrous  oxide  was 
exposed  to  ball-milled  boron  (which  had  been  activated  at  10O°C)  at  350°C 
for  30  minutes.  The  vapor  phase  was  then  collected  and  analysed  with  a 
mass  spectrometer.  The  analysis  indicated  that  mostly  hydrogen  was  present, 
but  no  oxygen  or  nitrous  oxide.  The  catalytic  activity  of  the  boron  for 
1’20  reduction  was  thus  established,  but  no  explanation  can  be  given  for 
the  evolution  of  hydrogen.  Hydrogel  appears  to  be  generally  present  m 
hound  state  (perhaps  as  borane  groups)  in  most  of  the  boron  used  pres¬ 
ent  ly . 

2. 6. 5. 3  Reaction  of  Boron  with  Oxygen 

One  test  of  oxygen  adsorption  by  boron  was  performed.  A 
sample  of  water-washed  boron  (which  had  been  ball-milled  44  hours  prior  to 
washing)  was  activated  at  500°C  for  22  hours.  Hydrogen  outgassing  of  this 
sample  persisted  for  twenty  hours,  after  which  the  pressure  or  10  1  Lon 
was  attained.  The  boron  sample  was  then  cooled  to  .’5°C  and  oxygen  gas  was 
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admitted  to  the  system.  Adsorption  war  extremely  rapid  at  first,  but, 
as  the  pressure  was  increased,  soon  reached  a  constant  value.  The  total 
amount  of  adsorption  was  fairly  snail,  Indicating  that  only  a  traction  of 
the  surface  was  covered.  However,  the  very  high  initial  rate  of  adsorption 
indicates  that,  there  is  strong  interaction  of  boron  with  oxygen  at  room 
temperature.  Prom  the  relatively  small  amount  adsorbed  it  appears  that 
tins  reaction  of  boron  with  oxygen  at.  low  temperatures  may  involve  selective 
,'i  i.  CCS  . 

2.1  PARTICLE  SIZE  DISTRIBUTION  IN  BORON  SLURRIES 

Analyses  of  particle  (agglomerate)  size  distribution  were  per¬ 
formed  for  three  boron  slurries.  Tito  analyses  were  conducted  using  an 
organic  solvent  with  the  Coulter  Counter  instead  of  saline  water.  The 
organic  solvent,  a  mixture  of  butan.ol  and  benzene  made  conductive  with 
Nil,  CNS ,  does  not  dissolve  oxidized  boron;  thus,  there  is  minimal  danger 
of  altering  the  agglomerate  particle  size  during  the  analysis  through  re¬ 
moval  of  adhesive  material. 

The  results  of  these  analyses,  shown  on  Figure  9,  indicate 
that  the  over-all  size  distributions  for  slurries  containing  ball-milled 
commercial  boron  are  similar,  with  a  size  range  of  5  to  about  50  microns. 
There  appear  to  be  more  smaller  particles  In  the  isopropanol-based 
slurry,  probably  because  the  alcohol  is  a  solvent  for  oxidized  boron. 

The  slurry  of  ball-milled  submicron  boron  appears  to  contain  larger  parti¬ 
cles  than  the  other  two  formulations.  In  fact,  about  20  per  cent  of  the 
boron  in  this  slurry  was  present  as  particles  larger  than  55  microns  in 
diameter.  These  agglomerates  were  undoubtedly  formed  during  the  ball¬ 
milling  procedure,  but  no  explanation  as  to  why  they  were  larger  than 
those  formed  with  commercial -grade  boron  is  available. 

The  size  distribution  results  are  consistent  with  visual  obser¬ 
vations  of  the  slurries;  both  slurries  of  commercial  boron  exhibited 
a  very  smooth  consistency,  whereas  the  slurry  with  ball-milled  submieron 
boron  powder  was  relatively  coarse  and  grainy  in  appearance. 
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admitted  to  the  system.  Adsorption  war  extremely  rapid  at  first,  but, 
as  the  pressure  was  increased,  soon  reached  a  constant  value.  The  total 
amount  of  adsorption  was  fairly  small,  indicating  that  only  a  fraction  of 
the  suriaec  was  covered.  However,  the  very  high  initio i  rate  of  adsorption 
indicates  that  there  is  strong  interaction  of  boron  with  oxygen  at  room 
temperature .  From  the  relatively  small  amount  adsorbed  it  appears  that 
tin.;  reaction  of  boron  with  oxygen  at  low  temperatures  may  involve  selective. 

S  i  tC!i  , 

2 . 7  PARTICLE  SIZE  DISTRIBUTION  IN  BORON  SLURRIES 

Analyses  of  particle  (agglomerate)  size  distribution  were  per¬ 
formed  for  three  boron  slurries.  The  analyses  were  conducted  using  an 
organic  solvent  with  the  Coulter  Counter  instead  of  saline  water.  The 
organic  solvent,  a  mixture  of  butan.ol  and  benzene  made  conductive  with 
NH  CNS ,  does  not  dissolve  oxidized  boron;  thus,  there  is  minimal  danger 
of  altering  the  agglomerate  particle  size  during,  the  analysis  through  re¬ 
moval  of  adhesive  material. 

The  results  of  these  analyses,  shown  on  Figure  9,  indicate 
that  the  over-all  size  distributions  for  slurries  containing  ball-milled 
commercial  boron  are  similar,  with  a  size  range  of  5  to  about  30  microns. 
There  appear  to  be  more  smaller  particles  in  the  isopropanoi-based 
slurry,  probably  because  the  alcohol  is  a  solvent  jor  oxidized  boron. 

The  slurry  of  ball-milled  submicron  boron  appears  to  contain  larger  parti¬ 
cles  than  the  other  two  formulations.  In  fact,  about  20  per  cent  of  the 
boron  in  this  slurry  was  present  as  particles  larger  than  53  microns  in 
diameter.  These  agglomerates  were  undoubtedly  formed  during  the  ball¬ 
milling  procedure,  but  no  explanation  as  to  why  they  were  larger  than 
those  formed  with  commercial-grade  boron  is  available. 

The  size  distribution  results  are  consistent  with  visual  obser¬ 
vations  of  the  slurries;  both  slurries  of  commercial  boron  exhibited 
a  very  smooth  consistency,  whereas  the  slurry  with  ball-milled  submit' ron 
boron  powder  was  relatively  coarse  and  grainy  in  appearance. 
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3.0  INVESTIGATION  OF  SLURRY  ATOMIZATION  METHODS 

Slurry  Atomisation  methods  were  Investigated  for  two  reasons: 

(1)  to  determine  the  effects  of  rheological  properties  on  slurry  atomisation; 

* 

and  (2)  to  develop  a  method  of  evaluating  the  combustion  properties  of  ex¬ 
perimental  slurries  that  is  minimally  dependent  on  their  rheological  and 
other  properties  (including  solids  loading  and  carrier  volatility).  It  is 
considered  likely  that  while  particle-mill  injection  may  be  satisfactory  for 
some  types  of  boron  slurries,  such  as  JP-4-oased  slurries,  it  may  not:  he 
satisfactory  for  other  types,  such  as  isopropanol-based  slurries.  The 
particle  mill  action  may  be  strongly  dependent  on  the  rheological  proper¬ 
ties  of  slurry  during  carrier  removal,  and  it  appears  to  be  desirable  to 
remove  this  factor  from  the  combustion  evaluation  of  various  slurries  as 
potential  ramjet  fuels. 

In  the  atomization  tests,  slurries  in  both  gelled  JP-4  and  iso¬ 
propanol  were  used.  These  slurries  are  believed  to  be  representative  of 
the  two  general  types  of  slurry  fuels  (non-solvated ,  as  in  gelled  JP-4, 
and  solvated,  as  in  isopropanol)  presently  under  consideration.  The  solids 
loadings  in  all  the  tests  were  73  per  cent  in  JP-4  and  75  per  cent  in 
isopropanol . 

3.1  PARTICLE  MILL  TESTS 

Isopropanol-based  slurries  at  75  weight  per  cent  solids  do  not 
atomize  well  in  the  particle  mill.  This  is  believed  due  to  their  rheological 
behavior  which  causes  smearing  of  the  slurry  along  the  wells  or  the  mill. 

The  smearing  results  from  the  high  shear  rates  at  the  point  of  injection. 

As  a  result  of  slurry  buildup  along  the  walls  of  the  mill,  tire  mill  becomes 
clogged  and  very  little  atomization  takes  place.  Large  clumps  of  slurry 
have  been  observed  to  pass  through  the  exhaust  nozzle  when  isopropanol 
slurry  is  burned. 

Slurries  in  which  JP-4  is  the  carrier  appear  to  perform  well  in 
the  particle  mill.  A  flow  test  with  600°F  air  at  a  fue  l-to-ai r  ratio  of 
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I. 0  resulted  in  a  spray  of  fine  particles  over  an  exit  cone  angle  of  about 
15  decrees.  As  shown  on  Figure  10,,  most  of  the  boron  that  was  collected  on 
a  greased  slide  three  feet  from  the  outlet  wan  in  the  form  of  particles  in 
the  sire  range  from  25  to  150  microns  in  diameter.  The  largest  particles 
collected  in  this  test  were  about  five  thousand  microns  in  diameter.  The 
largest  particles  on  Figure  10  appear  somewhat  spherical,  and  this  wan  more 
noticeable  in  a  sample  which  impinged  on  on  absorbent  paper  sheet.  Those 

J. -ir-er  particles  were  wet  on  impact,  as  demonstrated  by  Ki.;$ures  11,  J  ft , 
and  13,  through  comparison  with  control  samples  of  wet  slurry  and  dry  boron 
forcibly  impinged  on  paper  sheets.  It  is  believed  that  the  smaller  particles 
\rc re  dry,  since  only  particles  above  fifty  microns  in  diameter  would  adhere 
to  dry  paper. 

High  speed  motion  pictures  of  the  particle  mill  test  with  JP-4 
slurry  rovcaied  that  the  distribution  pattern  of  particles  emcr pine,  from 
the  mill  was  completely  annular  in  shape;  that  is,  there  were  no  pareicLes 
emery, in;/,  from  the  center  two  inches  (approximate  diameter)  of  the  three- 
inch  diameter  exit.  This  was  expected  because  of  the  rotational  moment 
applied  to  the  fuel  by  the  particle  mill  air,  and  the  expected  result  is 
particle  impingement  on  the  wall  of  the  burner  can  prior  to  iy nit  ion.  In 
previous  micro-ramjet  tests,  evidence  of  this  impingement  was  observed 
in  the  form  of  a  buildup  of  dried  slurry  on  th^  wall  of  the  burner  can 
one-half  to  one  inch  downstream  of  the  particle  mill  exit. 

3.2  POPPET  ATOMIZER  TESTS 

A  poppet  valve  nozzle  was  constructed  and  mounted  on  a  small, 
yas-driven  slurry  ram.  The  assembly  is  shown  on  Figure  14,  and  a  closeup 
oi  the  poppet  is  shown  on  Figure  15.  The  turnwheel  on  the  rear  of  the 
poppet  head  was  used  to  adjust  the  poppet  opening.  Tests  were  made  witli 
slurry  at  room  temperature  and  500  psig  pressure  and  at  about  300°F  and 
500  psig  pressure.  It  was  anticipated  that  the  most  effective  atomi ration 
would  occur  with  heated  slurry  since  the  carrier  would  be  above  or  near 
its  boiling  point  when  Clio  slurry  issued  from  the  nozzle. 
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Each  Small  Division  Equals  4.9  Microns 


Figure  10.  Photomicrographs  of  Atomiz  id  Boron 
Slurry  (73  Per  Cent  Solids  in  JP-4) 
Collected,  After  Breakup  by  Particle 
Mill  (Air  Temperature  600°F,  Air 
Flow  Rate  0.2  lb/  sec,  Slurry  Flow 
Rate  0.2  lb/ sec),  on  a  Greased  Slide. 
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Before  Removal  of  Slurry  Bead 


After  Removal  of  Slurry  Bead 


Figure  11.  Photomicrographs  of  Large  Atomized  Slurry 
Particle  from  Particle  Mill  Collected  on  Drv 
Paper  (Slurry  of  73  Per  Cent  Boron  in  JP-4). 

Each  Small  Scale  Division  Equals  4.9  Microns 
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The  results  of  the  tests  yo  presented  on  Table  XjV.  These  re¬ 
sults  indicate  that:  the  JP-4-based  slurry  became  h.udoood  nudei  the 

I 

temperature  and  pressure  conditions  used.  However,  since  there  was  a  pas- 

1 

nihility  oF  carrier  leakage ,  this  result  is  believed  to  be  a  False  indicat¬ 
ion  of  temperature  instability  (see  Section  2.3.1). 

The  slurry  in  isopropanol  showed  no  sign  of  hardening,  even  though 
evidence  of  some  carrier  loss  was  present  in  the  form  of  gummy  drainage  from 
the  poppet.  Expulsion  of  the  isoprcpanol-based  slurry  at  about  300°F  result¬ 
ed  in  a  very  fine  cloud  of  dry  dust  which  would  not  adhere  to  dry  surfaces. 
The  flow  rate  was  about  one  pound  per  second.  Photographs  of  a  sample 
collected  on  a  greased  slide  near  the  outlet  are  presented  on  Figure  1.6. 

The  particle  sixes  are  comparable  to  those  obtained  from  the  particle  mill 
with  JP-4  based  slurry,  but  were  not  spherical  in  shape  and  were  believed 
to  be  dry.  The  non-spheroidicity  probably  resulted  in  a  higher  surface 
area  per  unit  weight  for  the  poppet-atomised  isopropanol  slurry  than  for 
the  particle  mill-atomized  JP-4  slurry.  In  the  case  of  the  poppet  test, 
there  were  very  few  particles  over  100  microns  in  apparent  diameter,  which 
would  be  expected  from  the  violent  dispersion  associated  with  the  process. 
Motion  pictures  of  the  poppet  tests,  revealed  that  no  significant:  farters 
escaped  visual  observation. 

3.3  TESTS  WITH  ULTRASONICALLY-AUGMENTED  NOZZLE 

The  Hartmann-whistle  nozzle  performed  very  well  with  water,  but 
was  unsuccessful  in  atomizing  thick  slurry.  Mien  a  slurry  of  76  per  cent 
boron  in  isopropanol  was  forced  through  the  nozzle  at  about  50  psig  (air 
pressure  100  osig)  and  a  flow  rate  of  about  0.02  pound  per  second,  very 
large  clumps  of  slurry  ( —  1 / 8  inch  equivalent  diameter)  resulted.  The 
slurry  also  agglomerated  about  the  air  exit,  indicating,  that:  the  slurry 
was  too  thick  to  be  atomized  by  this  method. 

Somewhat  better  success  u<  s  achieved  with  a  thinner  slurry  <>i  ;  .1 
per  cent  boron  in  JP-4.  As  shown  on,  Figure  17,  the  slurry  particles  were 

v* 

Trade  names  and  suppliers  are  contained  in  Appendix  I 
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TABLE  XIV 

RESULTS  OF  POPPET  ATOMIZATION  TESTS  AT  SLURRY 
TEMPERATURE  OF  8Q°F  AMD  3QO°F  AND  500  PSIQ  EXPUT.S ION  PRESSURE 


Tc  s  L'  Ho , 

S lurry 

Slurry 

Temperature,  F 

Soak  Time 

Re  suits 

1 

7  37.  Boron  in 

JP-4 

80°F 

- 

Oone-Sliaped 

Spray  of.  Earj’C 

Wot  Part  i.r.  lea 

2 

1 37.  Boron  in 
JP-4 

390°F 

Overn  i.;',h  t 

Slurry  Had 

Formed  a  Hard 
Oaltc,  No  Dischar" 

3 

/57.  Boron  in 
Isopropanol 

80°  F 

* 

Tubular  Extrusion 
of:  Slurry,  No 
Breakup 

4 

75%  Boron  in 
Isopropanol 

285°F 

Overnight 

Fine  Dust  oj 
Apparently  Dry 
Parti c lus 

5 

757.  Boron  in 

Isopropanol 

300°  F 

4  Hours 

Fine  Dust  o,. 
Apparently  Dry 
Parti,  ole  s 

6 

i 3%  Boron  in 

JP-4 

310°F 

4  Hours 

Slurry  Had  Formed 
a  Hard  Cake  ,  No 

Di  seharve 

58 


CONFIDENTIAL 


Atlantic  HsiCAUCM  Corporation 

ALtKANDRIA.VIROINIA 


CONFIDENTIAL 


^4855 


Figure  16.  Photomicrographs  of  Samples  Collected 
from  Poppet  Atomization  of  75  Per  Cent 
Boron -Isopropanol  Slurry  Heated  to 
300°F  (Ram  Pressure  was  500  psia). 

Each  Small  Scale  Divisior  Equals  4.9  Microns 
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Each  Small  Scale  Division  Equals  17.5  Microns 
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Figure  17.  Photomicrograph  of  Sample  of  73  Per  Cent 
Boron-JP-4  Slurry  Atomized  in  an  Ultra- 
sonically  Augmented  Nozzle  (Slurry  Flow 
Rate  Approximately  0.02  lb/ sec),  Collected 
on  a  Greased  Slide. 
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very  large  compared  with  those  obtained  from  the  poppet  and  the  particle 
mill.  However,  the  energy  input  tp  the  whistle  was  relatively  low  and 
could  possibly  be  increased  by  a  factor  of  two  or  three.  This  type;  of 
injection  may  therefore  hold  some  promise  for  lightly  loaned  hydrocarbon - 
bnsed  slurries. 

4 

The  Ixliavi.or  of  the  ultrasonics lly-augment:ed  iK  '.r.ii;  was  surpris¬ 
ingly  similar  to  that  hypothesised  for  the  particle  mill.  The  fuel  is  in¬ 
jected  at  low  pressure  drop,  and  efficient  atomical  ion  appears  to  require 
either  a  very  low  viscosity  (and  solids  loading)  or  dilation  ol!  the  slurry 
during  atomisation. 

3.4  DUAL-FLUID  INJECTOR  TESTS 

The  dualAfluid  injector  used  for  these  tests  was  the  injector 

« 

that  has  been  used  to  atomize  slurries  in  the  ambient  pressure  combustor 

during  this  program  and  on  Contract  No.  AF  33(657)-12290.  A  schematic 

representation  of  this  injector  is  presented  as  Figure  18.  The  slurry  is 

forced  through  a  tube  0.06  inch  in  diameter.  At  the  tube  exit,  air  at 

room  temperature  is  impinged  at  a  right  angle  onto  the  slurry  stream. 

The  air  impinges  in  the  form  of  a  thin,  circular  sheet.  Photomicrographs 

oi  samples  collected  from  the  isopropanol-based  slurry  (/’:>  per  cent:  solids) 

atomi zed  in  the  dual- fluid  injector,  at  slurry  flow  rates  oi  4  x  10  k* 

-4  i 

and  12  x  10  lb/sec,  are  presented  on  Figure  19.  At  these  flow  rates, 
the  ratios  of  air  to  slurry  were  about  1/2  and  1/6,  respectively.  The 
photomicrographs  indicate  that  the  dual-fluid  atomizer  compares  very  well 
with  the  poppet  atomizer  when  th^  latter  is  used  with  heated  slurry.  There 
appears  to  be  a  larger  number  of  very  small  particles  from  the  dual-fluid 
injector  than  from  the  poppet.  Very  little  difference  can  be  observed 
between  the  samples  for  the  two  flow  races.  Since  the  particles  from  the 
dual-fluid  injector  did  not  adhere  to  dry  surfaces  they  are  assumed  to 
have  been  dry. 

Tile  final  tests  in  this  series  were  performed  with  JP-4-based 
slurries  atomized  in  the  dual-fluid  injector  normally  used  in  the  ambient 
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Figure  18.  Cross  Section  pf  Slurry  Atomizer  and  Injection 
Assembly  for  ARC  Slurry  Combustor. 
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Slurry  Flow  Rate  4  x  10“*  lb/sec. 
Air  Flow  Rate  2  x  10“^  lb/sec. 


Slurry  Flow  Rat4  12  x  10”^  lb/sec, 
Air  Flow  Rate's  x  10"^  ib/sec. 


Figure  19.  Photomicrographs  of  Samples  Collected 
on  a  Greased  Slide  from  75  Per  Cent 
Boron- Isopropanol  Slurry  Atomized  in 
Dual- Fluid  Atomizer  (Air  Temperature 
70oF,  Each  Small  Scale  Division  Equals 
4.9  Microns. 
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pressure  combustor.  Photomicrographs  o£  particles  collected  in  these 
testa  ere  presented  on  Figures  20  and  2i  Tor  slurries  cun  raining  73  per 
cent  ball-milled  commercial  boron  and  70  pei  cent  hall-milled  Gallery  lilgh- 
purlty  1.  oron,  respectively.  The  particle  shapes  and  sizes  shown  on  Figures 
20  and  21  compare  closely  with  the  slues  and  shapes  obtained  from  a  similar 
test  using  Isopropanol-based  slurry  containing  7b  per  cent:  hall-milled  com¬ 
mercial  boron  shown  on  Figure  19.  The  particles  obtained  itom  atomization 
of  the  slurry  containing  high-purity  boron  in  JP-4  (Figure  21)  appear  wetter 
and  slightly  larger  than  those  of  the  carmerciai  boron  in  JP-4  (Figure  20). 
It  is  believed  that  this  difference  is  related  to  the  higher  concentration 
of  wetting  agent  required  in  the  flurry  containing  high-purity  boron  (six 
per  cent  of  the  solids)  compared  to  the  usual  concentration  in  the  commer¬ 
cial  boron  slurry  (three  per  cent  of  the  solids). 

3.5  SELECTION  OF  SLURRY  AT0MI2ER  FOR  EVALUATION  TESTS 

A  summary  of  the  results  from  the  slurry  atomization  tests  is 
presented  on  Table  XV.  Based  on  this  comparison,  and  on  comparison  oi 
the  photographs  of  particles  collected  from  the  various  tests,  it  was 
decided  that  a  dual-fluid  atomiser  similar  to  the  design  shown  on  Figure 
18  would  offer  the  least  discrimination  due  to  slurry  properties,  The 
particles  resulting  from  this  atomizer,  for  both  types  of  siurry  used, 
appeared  fairly  close  in  sice  distribution  to  the  5  to  50  micron  range 
obtained  from  the  Coulter  Counter  analyses  (Figure  v) . 

3.6  DISCUSSION  OF  ATOMIZATION  TEST  RESULTS 
3.6.1  Agglomerate  Sices 

Except  for  the  ultrasonic  nozzle,  the  photomicrograph  of  the 
atomized  slurry  from  all  methods  show  particle  (agglomerate)  size  ranges 
from  several  microns  diameter  to  about  100  microns  In  diameter,  witn  the 
major  portion  of  the  boron  occur  ping  in  particles  between  .';i  and  ICO 
microns  in  diameter  or  length.  “he  agglomerates  resulting  from  the  poppet, 
atomization  of  the  isopropanol-based  slurry  and  iron  dual-; laid  atomization1 
of  both  isopropanoi-based  and  JP-4-based  slurries  are  much  more  irregular 
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Slurry  Flow  Rate  4  x  10”^  lb/sec. 
Air  Flow  Rate  2  x  10" 4  lb/sec. 
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Slurry  Flow  Rate  12  x  10'4  lb/sec. 
Air  Flow  Rate  2  x  1(T4  lb/see. 


Figure  21.  Photomicrographs  of  Samples  Collected  on  a 
Greased  Slide  from  70  Per  Cent  Boron  (Ultra- 
Fine,  High-PurHy)  in  JP-4  Slurry  Atomized 
in  Dual-Fluid  A'.omizer.  (Air  Temperature 
70QF,  Each  Smatl  Division  Equals  4.9  Microns) 
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TABLE  XV 


ATOMIZER 


GENERAL  RESULTS  OF  BORON  SLURRY  ATOMIZATION  TESTS 
SLURRY  CONDITIONS  RESULTS 


Particle  Mill 


73%  Boron  in 
JP-4 


Air  Temp.  600  F;  Bulk  of  boron  in  particles 


Particle  Mill 


Ultrasonic 


111  trasonic 


Poppet 


Poppet 


Slurry  and  Ai.r 
Flow  Rates  both 
0.2  lb/sec. 


25  to  150  microns  in  diam¬ 
eter.  Large  particles  up  to 
2,000  microns  were  collected. 
All  larger  particles  (above 
50  p  )  appeared  v/et. 


75%  Boron  in 
Isopropanol 


75%  Boron  in 
Isopropanol 


73%  Boron  in 
JP-4 


73%  Boron  in 
JP-4 


75%  Boron  in 
Isopropanol 


Air  Temp.  600  F; 
(Results  observed 


Observed  many  large  particles 
issuing  from  no.  r.le  prior  to 
during  1964  Micro-  ignition  in  combustion  tests. 
Ramjet  Test  Series) 


Slurry  Flow  Rate  Poor  slurry  breakup;  most 
about  0.02  lb/sec.  particles  about  1/8- inc h 
Air  Pressure  up  in  diameLer. 
to  200  psig. 


Slurry  Flow  Rate 
about  0.02  lb/sec, 
Air  pressure  up 
t-o  200  psig 


Soaked  at  300  F, 
500  psig  for  four 
hours  or  longer 

Soaked  at  300°F, 
500  psig  for  four 
hours  or  longer. 
Flow  rate  about 
1  lb/sec 


Slurry  was  broken  up ,  but 
resulting  particles  were 
relatively  large.  Many 
were  2,000  to  5,000  p  (up 
to  1/8-inch)  in  diameter. 

Slurry  would  not  flow 
(two  tests). 


Opening  the  poppet  valve 
released  a  cloud  of  fine, dry 
atomired  slurry.  The  largest 
particles  were  about  100 
in  diameter.  Most  oi  the 
particles  remained  suspended 
in  the  atr. 


Poppet 


73%  Boron  in 
JP-4 

75%  Boron  in 
Isopropanol 


Ambient  tempera¬ 
ture,  500  psig, 


Isopropanol-based  slurry  was 
extruded  as  a  continuous  tube; 
JP-4-based  slurry  produced 
large  particles  (up  to  i/4- 
inch  in  diameter). 
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in  shape  than  those  resulting  from  partible  mill  atomi-ai Ion  of  the  JP-4- 
based  slurry.  This  would  result  in  a  greater  exposure  oi  suriacc  ava liable 
for  burning,  for  particles  atomized  1>y  the  poppet  and  dual- fluid  atomize!, ion 
methods.  In  addition,  a  significant  number  ot  very  large  particles,  up  to 
several  thousand  microns  in  diameter,  were  collected  in  the  particle  mill 
tests  with  JP-4  based  slurry.  The  poppet  and  the  dual-fluid  atomivers 
therefore  provi  led  the  most  efficient  a tomi nation  for  the  Lest  sires  and 
conditions  used.  Atomization  efficiencies  ot  the  dual-fluid  atomiser  will, 
of  course,  depend  on  the  ratio  of  air  to  slurry,  and  may  also  be  affected 
by  the  size  of  the  slurry  strearn  to  be  broken  up. 

3.6.2  Nature  of  Agglomerates 

The  agglomerates  produced  from  atomical: ion  are,  on  the  average, 
larger  than  the  agglomerates  present  in  the  slurry.  Whereas,  the  agglomer¬ 
ates  in  wet  slurry  (primary  agglomerates)  result  from  be  11 -nil ling  and 
consist  of  primary  boron  particles  hold  together  by  an  adhesive  of  oxidized 
boron;  the  agglomerates  resulting  from  atomization  consist  of  primary 
agglomerates  (those  originally  in. the  slurry)  held  together,  by  wetting 
agent,  carrier  residues,  and  oth,;r  materials  remainin',  after  the  carrier 
is  vaporized.  It  appears  that  the  agglomerate  sizes  resultin'.;  from  atoni  nat¬ 
ion  should  be  a  function  of  slurry  formulation,  but  for  the  two  s lurries 
tested  this  has  not  been  the  general  case.  It  is  likely  that  such  a  depend¬ 
ence,  if  one  exists,  would  become  important  only  as  the  result  of  atomization 
that  is  much  more  efficient  than  that  afforded  by  the  techniques  considered 
in  this  program. 

3.6.3  Breakup  of  Primary  Agglomerates 

In  several  of  the  photomicrographs  of  atomized  slurry  (ibr 
instance,  Figure  19),  it  was  noted  that  many  extremely  , ine  particles  on 
the  order  of  one  micron  in  diameter  were  present.  Since  this  size  ran  ■. 
is  more  representative  of  primary  boron  particles  (0.7  -  l.5u  from  the 
Coulter  Counter  analysis),  it  seemed  likely  that  some  of  the  primary 
agglomerates  had  been  broken  up  by  the  shearing,  action  o  the  various 
atomizers . 
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In  order  to  determine  the  extent  of  agglomerate  breakup  during 
atomization,  samples  ol  atomised  slurry  collected  during  the  tests  with 
the  poppet  atomizer  (isopropanol-based  slurry)  and  the  particle  mill 
(JP-4-based  slurry  were  analyzed  with  the  Coulter  Counter.  The  collected 
particles  were  dispersed  in  butanol-benzene  mixture  which  was  expected  to 
dissolve  the  wetting  agent  and  similar  materials  but  would  not  dissolve 
oxides  of  boron  to  any  appreciable  extent. 


Comparison  oi  the  primary  agglomerate  size  distributions  before 
and  after  atomization  of  the  slurries  are  presented  on  Figures  22  and  23 
for  slurries  of  73  per  cent  ball-milled  commercial  boron  in  .JP-4  and  75 
per  cent  ball-milled  conmercial  boron  in  isopropanol,  respectively.  Sig¬ 
nificant  primary  agglomerate  breakup  during  atomization  is  evident  for  both 
slurries,  and  the  breakup  is  more  pronounced  for  the  poppet-atomized  slurry 
in  .isopropanol.  It  is  also  obvious  from  Figure  22  that  not  all  of  the 
binding  material  from  the  JP-4-based  slurry  was  dissolved  in  the  butanol  - 
benzene  mixture,  resulting  in  larger  particle  sizes  than  those  present  in 
"  the  slurry  prior  to  atomization.  These  results  lend  credibility  to  the 

possibility  of  reducing  the  particle  sizes  entering  the  combustion  chamber 
(as  a  result  of  atomization  of  slurries  containing  ball-milled  boron)  through 
very  efficient,  high  shear  atomization  techniques. 

3 . 7  TESTS  WITH  DUAL-FLUID  INJECTOR 

Several  cold  flow  tests  were  performed  with  the  dual -flu id 
injector  designed  lor  the  micro-ramjet  engine,  in  order  to  study  the  atomi¬ 
zation  and  to  compare  particle  sizes  obtained  from  the  new  injector  with 
previous  results  obtained  from  particle  mill  atomization.  The  results  of 
microscopic  examination  of  samples  of  atomized  slurry  (73  pur  cent  ball- 
millec  boron  in  JP-4)  resulting  from  the  dual-fluid  cold  flow  tests  are 
-  shown 'on  Table  XVI.  Photographs  of  the  samples  collected  from  the  dual- 

fluid  atomizer  are  shown  on  Figure  24.  In  these  tests  the  ratio  of 
atomizer  air  to  slurry  was  varied  from  l.C  to  0.7,  which  is  comparable 
to  the  previous  test  with  the  particle  mill  in  which  the  ratio  of.  air  to 
'  slurry  was  1.0.  The  most  important  difference  between  the  conditions  u  t 
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Figure  23.  Comparison  af  Primary  Agglomerate  Size  Distribution 
Present  in  Sjurry  of  75  Per  Cent  Ball-Milled  Boron  in 
Isqpropanol  Before  and  After  Atomization  by  a  Puppet 
Atomizer. 
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TABLE  JCVI 


_  „  SUMMARY  OF  COLD  PLOW  ATOMIZATION  TESTS  WITH  TOP 

DUAL-FLUID  ATOMIZER  TO  BE  USED  ON  THE  MICRO-RAMJET  TEST  ENGINE 
(APPROXIMATE  AIR  TEMPERATURE  IOO  F;  SLURRY  TEMPERATURE  80°F; 

ST.l  If?  I’  V  HIT  i  "5  UT?  n  ■  . _ _  _  7 


Air- 

Pressure 


400 


400 


300 


ZOO 


_  _ - ...A.  iui  1WUUUIU1  <31 

■  SLURRY  OF  73  PER  CENT  BALL-MILLED  130R0N  IN  JP-4 


Approximate 
Air  Flow  Rato 
lb/ see 

0.10 


0.08 


Slurry 
Flow  Rate 
lb /see . 

0.056 


0.056 


0.06 


0.04 


0.056 


0.056 


Result: 3  oi  Microscopic 
Examl.ti.TL  i  on _ 

Most  particles  5  to  20 u.; 
Largest  particles  about 
50  i.i  in  diameter 

Most:  particles  10  to 
20p;  Some  larp.e  particles 
up  to  70  it  in  diameter 

Most  particles  10  to  oO 
Some  lar;;e  particles 
up  to  100. i.  in  diameter 

Most  particles  10  to  50 
Some  lar.-e  partic  tes 
up  to  100  c  in  diameter. 
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Air  Flow  Rate  0.04  lb/sec 
Slurry  Flow  Rate  0.056  lb/sec 


mfm 

t&s&bz.'r?. 


:m§* 


m,r 

:  ♦* 


Air  Flow  Rate  0.10  lb/sec 
Slurry  Flow  Rate  0.056  lb/sec 

£3%  n  o  i  c 

Figure  24.  Photomicrographs  of  Atomized  Boron  Slurrv 

L73  P,er  ^ent  Solids  in  JP-4)  Collected,  Alter 
Breakup  by  Dual- Fluid  Atomizer,  on  Greased 
Slides.  Each  Small  Division  Equals  4.9  Microns. 
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the  dual-fluid  atomiratlon  test  and  Che  particle  mill  tost  wan  the  air  w 

temperature,  which  was  slightly  hi;-, her  than  ambient  (  --  lOOc'P)  iot  i  hr  dual-  $ 

i luid  test  and  600°F  for  the  particle  mill  tost.  It  should  be  noted  here  S 

that  collection  of  particles  by  impingement  on  a  greased  slide,  which  was 

the  method  used  to  obtain  particulate  samples  from  the  cold  flow  atomir.at: -  f 

S 

ion  tests,  will  result  in  an  accurate  count  of  the  larger  particles  only,  | 

In  this  type  of  samp  1  in,;  method,  and  especially  in  the  case  nj.  relatively 
low  stream  velocities,  many  of  the  smaller  particles  wil 1  follow  the  flow 
stream  lines  and  will  escape  around  the  sampling  body. 

Vile  results  on  Toole  XVI  indicate  that  dual  ■  fluid  atomi  sation 
resulted  in  a  major  particle  size  range  of  10  to  50  microns,  which  was  i; 

approximately  one-half  the  sire  of  those  resulting  from  particle  mill  a  lorn i- 
xation  (bull;  or  the  boron  in  particles  25  to  100  mi  runs  in  diameter) .  All  *1 

of  the  particles  resulting  from  dual-fluid  stomi ration  were  strikingly 
spherical,  in  contrast  to  the  roughly-shaped  particles  resultin';  from  all 
of  toe  laboratory  injection  tests.  A  trend  towards  lar.,.cr  pa  tides  with 
decreasing  air  flow  rate  is  evident  from  the  observations  presented  on  Tabic  XVI. 

Tills  trend  substantiates  the  hypo“hesis  that  successful  atomi nation  o,  boron 
slurries  will  require  the  maximum "amount  of  energy,  including  heat  energy, 
ho  In.-  made  available  to  the  slurry  be  fore  and  during  the  atomization  process. 


The  results  of  these  cold  flow  tests  indicate  that ,  unde.,  similar 
conditions  of  iruel-to-air-ratio,  the  present  dual-fluid  injector  is  more 
efficient  in  atomi:  in;;  JP-4-based  boron  slurry  than  the  particle  mill  used 
on  the  micro-ramjet  engine  in  other  combustion  tests  under  this  program. 

The  use  of  hot  gas  instead  of  cold  air  (or  any  other  method  of  addin;  oner  ,y 
to  the  system)  would  be  expected  to  make  the  dual- fluid  atom;  at  ion  even 
more  efficient,  especially  in  terms  of  the  amount  of  secondary  fluid  roc u;  -ad 
to  achieve  a  desired  particle  sizo  for  a  given  slurry  flow  rate. 
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4.0  COMBUSTION  TESTING  AND  SLUKKY  EVALUATION 

The  following  three  general  types  of  combustion  testing  of  boron 
slurries  were  performed  during  the  program; 

(1)  Ambient  pressure  combustion  testing  in  which  the 
relative  chemical  reactivity  of  atomised  slurry 
(dual-fluid  atomisation)  was  determined; 

(2)  Base  line  combustion  tests  and  slurry  evaluation 
tests  in  the  3.5- Inch  micro- ramjet  equipped  with 
particle  mill  injection; 

(3)  Checkout  tests  and  slurry  evaluation  tests  In  the 
3.5-inch  micro-ramjet  equipped  with  dual  fluid  in¬ 
jection. 


The  objectives  of  the  combustion  testing  program  were  as 


follows : 


(1)  To  establish  a  correlation  between  the  results  of 
ambient  pressure  combustion  tests  and  ramjet  com¬ 
bustion  tests  under  simulated  flight  conditions; 

(2)  To  establish  a  base'  line  for  comparison  of  combustion 
data  from  the  micro-ramjet  with  test  data  obtained  at 
the  Msrquardt  facility; 

(3)  To  develop  and  utilize  methods  of  evaluating  slurry 
combustion  performance  which  would  not  discriminate 
between  slurries  on  the  basis  of  physical  or 
rheological  characteristics  of  the  slurries; 

(4)  To  evaluate  the  combustion  performance  or  potential 
of  formulations  using  several  types  of  atomization 
methods,  in  order  t3  study  various  possible  methods 
of  enhancing  slurry  combustibility. 


A  secondary  objective  of  the  combustion  studies  was  to  obtain 
insight  into  the  processes  which  occur  when  boron  is  combusted  with  air, 
based  on  observations  of  the  combustion  tests  and  exploratory  experiments 
with  the  micro- ramjet  test  engine. 

76 

CONFIDENTIAL 


i 


ATUAMTIC  flEBCAHCH  COPt^OAATtON 
AktXANOfftA.  VtAOlNfA 


CttHIENTUL 


4.1  AMBIKNT  PRESSURE  COMBUSTION  TESTS 
4.1.1  Background  nnd  Previous  Work 


The  ambient  pressure  combustion  tests  consisted  of  determining 
plots  of  combustion  efficiency  of  boron  versus  sir  preheat  U  mpernture  Inr 
boron  slurry  samples  which  had  been  injected  into  a  heated  air  stream 
through  a  dual- fluid  atomizer.  The  itu-l-air  mixture  was  kept  extremely 
lean  (fuel - to-a ir  ratio  about  0.006)  to  minimise  effects  of  oxygon  depletion 
nnd  temperature  increases  due  to  the  combustion  of  the  atomised  slurry. 

The  combustion  efficiency  of  the  boron  was  determined  by  chemical  analysis 
of  exhaust  samples  collected  isokine tica 1 1 y  at  the  outlet  of  the  reaction 
tube . 


A  detailed  description  of  the  apparatus  and  experimental  proce¬ 
dure,  including  the  chemical  analysis  of  the  exhaust  samples,  is  presented 
in  Reference  2.  The  dual-fluid  atamlaer  used  in  these  tests  is  also 
pictured  in  Figure  18  of  this  report. 

The  following  conditions  apply  for  all  of  the  ambient  pressure 
combustion  tests  performed  under  this  program: 


Fuel-to-Air  Ratio 
Air  Flow  Rate 
Burner  Volume 
Residence  Time 
Air  Preheat  Temperature 


0,006  Ib/lb  (Approximate) 

0.01  lb/sec 

31,4  cu.  in . 

6  to  12  millisec. 

2 , 000* R  to  4, 000*R 
(in  steps  of  200®R) 


Comparison  of  the  plots  of  chemical  combustion  efficiency  of 
the  boron  versus  air  preheat  temperature  provided  a  relative  ranking  of  the 
combustibility  of  the  atomized  slurries.  Ambient  pressure  combustion 
testing  of  various  slurries  under'  Contract  No.  AF  .33(657)-  12290^ ^ , 
revealed  that  large  differences  ii.  combustibility  occur  among  slurry 
formulations.  Combustibility  appeared  to  be  enhanced  bv  the  use  of  small 
particle  sizes  in  the  slurry  and  by  boron  pre- trea tmont  consisting  of 
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removal  ol  part  of  all  or  the  oxidised  boron  anti  water  present  at  the 
surface  of  the  heron. 

In  this  program  the  ambient  pressure  combustor  tests  were  used 
••'or  the  Col  low  in;;  two  purposes: 

(1)  To  screen  experimental  slurry  formulations  for  possible 
adverse  or  beneficial  effects  of  formulation  variables 
on  slurry  combustibility  (with  emphasis  on  the  effect 
of  ultra-fine  boron  on  slurry  combustibility) ;  and 

(2)  To  aid  in  establishing  a  correlation  between  the  results 

4 

of  the  ambient  pressure  combustion  tests  anti  the.  com¬ 
bustion  tests  in  the  micro-ramjet  engine. 

Tire  screening  experiments  are  described  in  the  following  para¬ 
graphs.  The  correlation  work  is  discussed  in  later  sections  of  the 
repot  t . 

4.1.2  Tests  with  Ultra-Fine  Boron  Slurries 

Ambient  pressure  combustion,  tests  were  performed  with  several 

slurries  containin';  ultra-fine  boron  powders.  Formulation  data  for 

these  slurries  are  presented  on  Tabic  XVII.  Both  particle  sice  ranges 

o  o 

o.  ultra-fine  boron,  50A  to  150A  (high  purity,  ultra-line  kprou) ,  and 
o  1 

bOO A  (submicron  boron),  were  used  in  slurries  of  50  per  cent  solids 

In  isopropanol.  The  results  of  these  tests,  which  are  .ompafed  with 

results  with  commercial  boron  slurries  at  the  50  per  cent  solids  level 

on  Figure  25,  indi  ate  that  the  use  of  ultra-fine  boron  resulted  in 

higher  combustion  efficiencies  at  the  lower  preheat  temperatures  than 

those  observed  for  commercial  boron.  However,  the  combustion  of  flu  ion to 

for  the  ultra-fine  boron  were  lower  tian  those  for  commercial  boron  at 

i 

the  higher  preheat  temperatures.  Thai  unusual  shapes  of  the  plots 
suggested  that  analytical  errors  may  have  been  present  for  the  two  fllnivi 
of  ultra-fine  boron  in  isopropanol.  Those  errors,  which  are  he  •  i ..  vc  d  to 
caused  both  by  pro ;cdural  errors  and  reagent  degradation ,  were  . orce . i od 
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TABLE  XVI X 


FORMULATIONS  USED  IN  AMBIENT  PRESSURE)  COMBUSTION  TESTING 
OF  SLURRIES  LIGHTLY  LOADED  WITH  HIGH  PURITY  BORON 


Slurry  No. 
1 


2 


3 


4 


5 


Type  of  boron 

Commercial  Grade 
(Wet  ball-milled, 
vacuum  dried) 

Ultra-Fine,  High  Purity 
(Bulk  density  increased 
by  shaking  24  hours) 


Submicron 

(Bulk  density  increased 
by  shaking  24  hours) 

Submicron 

(Bulk  density  increased 
by  shaking  4  hours) 


Commercial 
(As  received) 


Formulation 

507.  Boron  (90-927,  pure) 
507.  Isopropanol 


50.457,  Boron 
52.307.  Isopropanol 
4.  Id 7.  JP-4 
3.077.  Wetting  Agent 

507.  Boron 

48.57.  Isopropanol 

1.57.  Wetting  Agent 

507.  Boron 

47.57.  JP-4 

1.57,  Wetting  Agent 
1.07.  Gellant 

507.  Boron  (90-927,  pure) 
507,  Xsopropinol 


1.  More  complete  formulation  data  can  be  found  in  Reference  1. 
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100 


20 


V  Slurry  No.  1  Ultra-Fine,  High  Purity 
Boron  in  Isopropanol 

0  Slurry  No.  2  Submicron  Boron  in 
Isopropanol 

<3>  Slurry  No.  3  Wet  Ball-Milled 
Commercial  Boron  in  Isopropanol 

&  Slurry  No.  4,  Submicron  Boron  in  ,JP-4 

O  Slurry  No.  5,  Commercial  (as  Received) 
Boron  in  Isopropanol 

Complete  Formulation  Data  on  Table  XVII 


_L 


_L 


_L 


2000  2400  2800  3200  3600 

PREHEAT  AIR  TEMPERATURE  (‘  R) 


4000 


Figure  25.  Comparison  of  Ambient  Pressure  Combustion  Data  for  Five 
Boron  Slurries  at  50  Per  Cent  Solids  Loading. 
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two  least-active  slurries  were  tested.  The  slurry  of  wet 
commercial  boron  was  tested  in  1964  under  Contract  No.  AC 


bn  1 1 -mil  led 
33(657)-l2290(2). 


The  questionable  results  on  Figure  2r>  for  the  slurry  containing 
ultra- fine,  high-purity  boron  were  checked  by  a  duplicate  run.  The  results, 
which  are  compared  with  results  for  a  similar  loading  of  ns- received  (un¬ 
washed)  commercial  boron  in  isopropanol,  are  presented  on  Figure  26.  These 
data  indicate  that  the  chemical  combustion  efficiencies  shown  on  Figure  25 
for  high  purity  boron  slurries  at  the  lower  preheat  temperatures  may  have 
been  erroneously  high.  However,  the  high  purity  boron  slurries  still 
showed  somewhat  higher  activities  at  the  lower  preheat  temperatures  than  the 
slurry  compounded  with  as-received  commercial  boron.  Essentially  no  dif¬ 
ference  was  detected  between  slurries  containing  shaken  and  ball-mi  1  led 
high  purity  boron. 


On  Figure  26,  the  slurry  containing  61.1  per  cent  ultra- fine, 
high  purity  boron  in  JP-4  was  equivalent  to  the  isopropanol  slurries  having 
lower  loadings  at  lower  preheat  temperatures,  but  showed  lower  combustion 
efficiencies  at  the  higher  temperatures.  Presently,  no  explanation  can  be 
given  for  these  results.  Since  the  results  at  the  lower  temperatures  are 
probably  more  significant  than  those  for  the  higher  temperatures,  the 
results  may  indicate  a  small  effect  of  solids  loading  on  activity  for 
slurries  containing  high  purity  boron. 


A  comparison  of  ambient  pressure  combustion  results  obtained  for 

a  slurry  of  70  per  cent  high  purity,  ultra- fine  boron  (ball -mil  led  67  hours) 

in  JP-4  with  results  from  a  slurry  of  73  per  cent  commercial  boron  (ball- 

milled  44  hours)  in  JP-4  is  presented  on  Figure  27.  These  results  show 

i 

that  the  slurry  containing  the  high  purity  boron  was  slightly  less  active 
than  the  slurry  containing  the  commercial  boron.  The  lower  activity  cf 
the  slurry  containing  high  purity  boron  is  attributed  to  the  high  concen¬ 
tration  of  wetting  agent  present,  which  probably  caused  this  slurry  to  be 
atomized  less  efficiently  than  the  slurry  containing  commercial  boron  and 
less  wetting  agent. 
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|  . . . j . "'j . . . 

O  73  Per  Cent  Commercial 
Boron  in  JP-4 


□  70  Per  Cent  Hit'll  Purity, 
Ultra-Fine  Boron  in  .JP-4 


"1 . “1 . ! . 


2400  2800  3200  3600 

PREHEAT  AIR  TEMPERATURE  (  R) 


Figure  27.  Comparison  of  Ambient  Pressure  Combustor 
Results  for  Slurries  of  Commercial  Boron 
and  Hifh  Purity,  Ultra- Fine  Boron  in  JP-4 
Carrief. 
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4.1.3  Testing  of  1965  "Workhorse"  Formulation 

The  ambient  pressure  combustor  data  for  the  73  per  cent  boron 
JP-4  slurry  (1964  "workhorse"  formulation),  from  Figure  27,  are  compared 
with  data  for  the  optimized  1965  "workhorse"  formulation  on  Figure  28.  The 
two  plots  are  similar  at  the  lower  preheat  temperatures,  but  diverge  at  the 
higher  preheat  temperatures,  with  the  optimized  formulation  showing  less 
complete  combustion  than  the  standard  formulation  at  the  higher  temperatures. 
The  difference  between  the  plots  on  Figure  28  is  attributed  to  the  higher 
concentration  of  gellant  present  in  the  optimized  formulation.  The  gellant 
concentration  was  increased  in  o^;der  to  stabilize  the  formulation  during 
storage.  It  should  be  noted  that  a  reduction  of  chemical  activity  due  to 
gellant  type  and/or  concentration  has  not  been  observed  in  previous  studios 
with  the  ambient  pressure  combustor.  The  formulations  of  the  two  slurries 
described  on  Figure  28  are  presented  in  Table  XVIII. 

4.1.4  Effect  of  Lithium  Metal  Additive 

Figure  29  shows  the  effect  of  adding  lithium  metal  powder  on  thg 
combustion  efficiency  of  a  slurry  of  ball-milled  boron  in  JP-4.  Enhance¬ 
ment  of  slurry  activity  was  noted  throughout  the  range  of  preheat  tempera¬ 
ture,  but  the  most  significant,  consistent  improvement  appeared  to  occur 
at  the  higher  values  of  preheat  temperature.  This  was  the  most  active 
slurry  containing  dry  ball-milled  boron  yet  tested,  and,  although  the 
lithium  concentration  was  higher  (10.5  per  cent  of  the  solids)  than  that 
which  could  be  practically  utilized  because  of  the  low  density  of  lithium, 
lithium  powder  must  be  considered  the  most  promising  solid  additive  tested 
to  date. 


4.1.5  Testing  of  Washed  Boron  Slurries 

(2) 

In  previous  work  on  washing  (or  wet  ball-milling)  of  boron 
followed  by  vacuum  drying,  it  was  noted  that  the  consistency  of  the  dried 
material  varied  from  a  fluffy  powder  to  a  hard,  solid  cake  even  when  the 
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Figure  28.  Comparison  of  Ambient  Pressure  Data  for  two  Slurries 
of  73  Per  Cent  Ball-Milled  Boron  in  JP-4. 

(Formulation  Data  are  in  Table  XVIII. 
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TABIK  XVIII 


FORMULATION  QATA  FOR  COMPARISON  OF  WORKHORSE  S LUK  tlKS 

tested  on  the  ambient  pressure  combustor 


STANDARD  JP-4-BASED  STARRY 

Boron  (44-hour  ball-milled)  73.07, 

Wetting  Agent  (Glycerol  Sorbltan  Laurate)  3.07; 
Gellant  (Aluminum  Soap)  q  ^y 

JP-4  Carrier  ■>  -i  e<>, 


100.0% 

OPTIMIZED  "WORKHORSE"  FORMULATION 

Boron  (44-hour  ball-milled)  73.0'. 

Wetting  Agent  (Glycerol  Sorbitan  Laurate)  2.19V. 
Gellant  (Modified  Polystyrene)  0.99% 

JP-4  Carrier  p->  u ■i»- 


1 00 . 00% 
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Figure  29.  Comparison  of  Ambient  Pressure  Combustor 
Results  for  Slurries  of  Commercial  Boron, 
and  Commercial  Boron  with  Lithium  Additive, 
in  JP-4  Carrier. 
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washing  and  drying  conditions  were  the  same,  within  reason.il> l<-  limits  of 

experimental  error,  (experimentation  along  this  line  was  so  severely 

limited  by  the  non- reproducibility  that  no  extensive  studies  were  performed, 

even  though  slurries  made  with  washed  commercial  boron  have  been  among  the 

(2) 

moat  active  slurries  tested  in  the  ambient  pressure  combustor  .  Because 
of  the  high  activity  of  the  slurries  made  with  washed  boron,  an  attempt  was 
made  during  this  program  to  formulate  a  washed  boron  slurry  with  a  particle 
site  distribution  (resulting  from  bseaking  up  a  dried  cake  of  washed  boron) 
which  would  allow  solids  loadings  of  75  per  cent  or  higher. 

The  present  work  involved  the  washing  and  drying  of  two  batches 
of  boron  of  about  two  pounds  each.  One  sample  had  been  dry  ball-milled 
44  hours,  and  the  other  100  hours.  After  four  washings  (three  with  hot 
0.01  N  HC1  and  the  fourth  with  hot  water)  and  drying  in  a  vacuum  oven  (150*C, 
full  vacuum)  for  30  hours,  both  batches  were  solid  cakes  of  agglomerated 
boron  particles.  The  cakes  were  broken  up  with  a  hammer,  screened  through 
window  screen  (holes  about  3/32- inch  square),  and  mixed  together.  A  slurry 
containing  50  per  cent  of  this  material  in  isopropanol  was  prepared  for 
ambient  pressure  combustion  testing  and  particle  size  analysis.  The  slurry 
was  extremely  grainy.  A  similar  slurry  in  JP-4  carrier  was  even  more 
grainy,  probably  because  of  less  dissolution  of  the  binding  material  by 
JP-4  than  by  alcohol. 

The  results  of  the  combustion  test  on  the  isopropanol-based 
slurry  sample  are  compared  with  those  for  a  similar  slurry  made  with 
unwashed  (as-received)  commercial  boron  on  Figure  30.  The  poor  combustion 
was  undoubtedly  due  to  the  presence  of  large  agglomerates  of  boron  which 
were  visible  in  the  exhaust  samples.  Particles  as  large  as  1/16- inch  in 
diameter  were  observed  in  the  samples.  The  particle  -s ixo  analysis  by  the 
Coulter  Counter  method  using  a  nonsqueous  carrier  (benzene-butanol  mixture 
made  conductive  with  NH^CNS)  is  shown  on  Figure  31.  The  most  frequent  size 
registered  was  about  10  microns,  with  other  sizes  ranging  up  to  30  microns. 
It  was  subsequently  found  that  the  slurry  sample  used  in  the  Coulter 
analysis  was  the  top  of  a  large  volume  of  slurry  which  had  been  stored 
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Figure  30.  Effect  of  Agglomerate  Size  oil  Chemical  Activity 
of  Lightly  Loaded  (pO'e  Solids)  Boron- Isopropnuol 
Slurries. 
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I  Figure  31.  Coulter  Counter  Ana’ysis  of  Boron  Agglomerate 

I  Size  in  a  Slurry  of  50  Per  Cent  (Washed  and 

I  .  Vacuum  Dried)  Commercial  Boron  and  50  Per  Cent 

|  Isopropanol. 
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for  several  days  and  has  not  been  shaken  prior  to  removal  of  the  Coulter 
sample.  The  particles  counted  by  the  Coulter  Counter  were,  therefore,  the 
smallest  particles  In  the  slurry. 

A  sample  of  the  remaining  vacuum-dried  boron  was  dry  ball-milled 
for  thirty  minutes  in  an  attempt  to  reduce  the  size  of  the  larger  agglom¬ 
erates.  The  resulting  material  was  formulated  into  a  slurry  containing  75 
per  cent  boron  (solids),  22  per  cent  isopropanol,  and  three  per  cent 
surfactant  (n-octyl  amine).  This  slurry  was  fairly  smooth  and,  although  a 
rheogram  was  not  determined  because  of  the  small  amount  of  slurry  available 
it  appeared  much  Looser  than  slurries  of  similar  loading  made  with  dry  ball 
milled  boron  in  isopropanol.  Combustion  results  from  the  ambient  pressure 
combustor  showed  that  the  slurry  made  with  washed  boron  burned  about  as 
well  as  a  similar,  slurry  containing  dry  ball-milled  boron,  at  the  lower 
temperatures,  as  shown  on  Figure  32.  At  the  higher  temperatures  the  re¬ 
duction  in  chemical  activity  is  attributed  to  the  presence  of  large  agglom¬ 
erates  which  three  hours  of  ball-milling  had  not  eliminated.  These  large 
particles  were  evident  in  the  exhaust  samples,  and  their  size  ranged  up  to 
about  1/32-inch  in  diameter  as  compared  to  1/16-inch  for  the  sample  that 
had  not  been  ball-milled.  The  combustion  results  for  these  isopropanol- 
based  slurries  are  also  compared  with  results  for  a  73  per  cent  boron 
slurry  in  JP-4  on  Figure  32. 

The  results  obtained  thus  far  with  the  washed  and  dried  boron 
slurries  indicate  that  this  method  of  processing  may  lend  itself  to  close 
control  of  agglomerate  particle  size  in  slurries.  This,  with  an  accom¬ 
panying  improvement  in  loading  and  viscosity,  may  be  possible  to  achieve 
at  little  or  no  loss  in  chemical  activity. 

4.1.6  Testing  of  Slurry  Containing  Blended  Boron 

The  slurry  made  with  a  blend  of  commercia  1- grade  and  submicron 
boron  described  in  Section  2.5,  also  was  tested  with  the  ambient  pressure 
combustor.  The  results,  compared  with  results  for  other  slurries  of 
similar  solids  loading,  are  presented  on  Figure  33.  These  data  indicate 
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Figure  32.  Comparison  of'  Ambient  Pressure  Results 
for  Three  Tyfes  of  Boron  Slurry  Formu¬ 
lations  Containing  Similar  Solids’ Loadings. 
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65  Per  Cent  Washed  Boron 
(Commercial) 

35  Per  Cent  Isopropanol 

75  Per  Cent  Ball- Milled  Boron 
2.25  Per  Cent  Wetting  Agent 
22.75  Per  Cent  Isopropanol 


74.3  Per  Cent  Washed  Boron 
(Commercial  +  Submicron) 

2.23  Per  Cent  Wetting  Agent 
23.47  Per  Cent  Isopropanol 

73  Per  Cent  Ball-Milled  Boron 
3  Per  Cent  Wetting  Agent 
0.5  Per  Cent  Gellant 
23.5  Per  Cent  JP-4 
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Figure  33.  Comparison  of  Results  from  Ambient  Pressure  Combustion 

Tests  of  Bimodal  (Commercial  and  Subrnicron)  Washed  Boron 
Slurry  and  Other  Formulations. 
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that  the  slurry  containing  the  blended  boron  was  approximately  equal  in 
activity  to  the  "standard"  formulation  of  75V.  ball-milled  commercial  boron 
in  isopropanol,  and  was  slightly  more  active  than  the  slurry  of  73  per 
cent  ball-milled  boron  in  gelled  JP-4  (1964  "workhorse"  formulation). 

4.2  MICRO- RAMJET  TEST  EQUIPMENT 

The  equipment  used  in  the  micro- ramjet  engine  combustion  tests 
with  boron  slurry  fuels  is  described  in  the  following  paragraphs. 

4.2.1  High  Pressure  Blowdown  Facility 

The  air  supply  system  for  the  micro-ramjet  test  engine  consisted 
of  air  storage  tankage,  a  compressor  for  pressurizing  the  storage  tanks, 
a  pebble  bed  heater  used  to  heat  the  air,  a  mixing  chamber  for  air  tempera¬ 
ture  regulation,  and  associated  pipiig  and  instrumentation.  A  photograph 
of  the  blow-down  facility  is  presented  as  Figure  34.  The  air  storage  section 
consisted  of  twenty  air-supply  tanks  (normally  used  for  Ml4  torpedoes)  of 
130  cu  ft  capacity  each.  At  a  pressure  of  2800  psig,  approximately  5000 
pounds  of  air  can  be  stored  in  the  tanks. 

The  pebble  bed  heater  consisted  of  a  brick- lined  steel  vessel 
filled  with  3/8-inch  diameter  alumina  pebbles.  The  bed  was  heated  from 
the  top  by  a  removable  propane  torch  to  a  temperature  of  about  5000*F  at 
the  top  and  3000*F  at  the  bottom.  Cold  and  heated  air  were  mixed  just, 
downstream  of  the  outlet  at  the  top  of  the  pebble  bed  heater. 

Total  air  flow  rate  and  air  temperature  were  measured  downstream 
of  the  mixing  section  by  a  sonic  venturi  and  bare-wire  thermocouple,  re¬ 
spectively.  Maximum  design  air  flow  through  the  heater  was  ten  pounds  per 
second  at  1000  psig  pressurization.  With  this  blow-down  facility  the  condi¬ 
tion  of  600*F  air  at  two  pounds  per  second  flow  rate  could  be  maintained 
for  over  fifteen  minutes,  or  330*F  air  at  ten  pounds  per  second  for  about 
five  minutes. 

4.2.2  Micro- Ramjet  Engine  Assembly 

The  air  supply  to  the  micro-ramjet  engine  from  the  blow-down 
facility  passed  through  a  knuckled  pipe  arrangement,  about  eight  feet  above 

94 


CONFIDENTIAL 


ft 

95 

CONFIDENTIAL 

l 


Figure  34.  Photograph  of  the  High  Pressure  Blow-Down  Facility. 
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the  engine  assembly,  in  order  to  facilitate  the  measurement  of  delivered 
thrust.  The  preheated  air  entered  a  plenum  forward  of  the  engine  and 
proceeded  through  a  distributor  section  into  the  engine  section.  Three 
photographic  views  of  the  engine  assembly  are  presented  in  Figures  35, 

36,  and  37. 

The  3.5-inch  ID  engine  assembly  was  segmented,  as  shown  in 
Figure  35,  in  order  to  facilitate  cl'ean-up  after  the  runs.  The  section 
in  which  the  burner  can  was  placed  was  equipped  with  a  quartz  window  two 
inches  in  diameter,  through  which  the  combustion  waB  photographed  during 
each  test.  The  entire  engine  assembly,  including  the  nozzle  section,  was 
wate r- cooled . 

4.2.3  Micro- Ramjet  Accessories 

4.2. 3.1  Slurry  Feed  Ram 

Slurry  was  injected  with  an  electromechanical  ram  system 
(illustrated  on  Figure  37)  which  utilized  a  floating  Teflon  piston  driven 
by  a  worm  gear  which  in  turn  was  driven  by  a  one  horsepower  dc  motor.  The 
slurry  flow  rate  was  recorded  as  a  proportional  function  of  the  rpm  of 
the  DC  drive  motor.  A  blowout  disk  rated  at  800  lb/sq  in  was  placed  in 
the  system  to  protect  against  buildup  of  excessive  pressure  on  the  ram. 

4.2. 3.2  Isokinetic  Sampler 

ICxhaust  products  were  sampled  isokinetically  by  a  water-cooled 

sampler  head  located  about  one  inch  downstream  of  the  nozzle  exit  plane. 

The  sampler  was  positioned  at  about  one- third  of  the  distance  between  the 

centerline  of  the  nozzle  and  the  oi^ter  diameter,  in  order  to  avoid  particle 

sorting  which  was  expected  to  be  more  likely  at  the  center  and  the  perimeter 

of  the  exhaust.  The  collected  exhaust  samples  were  quenched  with  water  as 

they  entered  the  sampler  tube,  and  the  suspended  samples  were  then  cooled 

in  a  heat  exchanger  and  deposited  in  test  tubes  mounted  in  a  circular 

positioner.  Chemical  analysis  of  the  samples  were  performed  similarly  to 

(2  ) 

those  from  the  ambient  pressure  c  xnbustor  tests  . 
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Figure  35  Photograph  of  Micro- Ramjet  Engine  Assembly  Emphasizing  the  Segmented  Burner 
Duct  and  the  Isokinetic  Sampler  Assembly. 
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4. 2. 3. 3  Total  Pressure  Rake 

The  five-point  total-pressure  rake  constructed  for  use  with  the 
3.5- inch  micro-ramjet  engine  is  shown  on  Figure  38.  The  pressure  rake 
assembly  was  so  constructed  that  water  was  purged  through  the  pressure 
ports  whenever  data  were  not  being  recorded.  The  operation  of  the  pressure 
data  sampling  system  was  coordinsted  with  the  isokinetic  sampling  system 
so  that  both  operated  over  the  same  period  of  time. 

4. 2. 3. 4  Eductor  System 

The  eductor  system  (shown  on  Figure  36)  was  used  to  water- 
quench  Che  exhaust  products  and  muffle  the  noise  of  testing.  The  exhaust 
products  were  removed  from  the  test  site  to  a  distance  of  about  fifty  feet., 

A  large  underground  septic  tank  was  provided  for  storage  of  condensed  exhaust 
products,  and  noncondensibles  wer«s  exhausted  to  the  atmosphere  through  a 
stack  twelve  feet  in  height. 

4. 2. 3. 5  Particle  Mill  and  Burner  Can 

The  particle-mill  burner-can  combination  used  in  these  tests 

(2  7) 

was  scaled  from  the  Marquardt  8A  configuration  used  in  1964 v  ’  .  This 

design,  illustrated  on  Figure  39,  allowed  approximately  ten  per  cent  of 

* 

the  air  entering  the  combustion  process  to  pass  through  the  particle  mill, 
where  it  atomized  Incoming  fuel  by  means  of  a  rotational  momentum  component 
imparted  by  the  radial  vanes,  showi  at  the  top  of  Figure  39.  Ignition  was 
effected  with  a  hydrogen- oxygen  toi*ch  which  was  placed  jusc  forward  of  the 
burner  can  skirt  (pierced  section). 

After  burnthroughs  occurred  in  the  first  series  of  slurry  tests, 
a  0.03- inch  coating  of  zirconia  was  flame-sprayed  onto  the  interior  of  the 
skirt  of  the  burner  cans.  While  the  zirconia  did  not  completely  eliminate 
pitting  with  some  attendant  increase  in  air  flow  area,  it  did  allow  each 
can  to  be  used  for  three  or  four  tests  instead  of  only  one. 
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Figure-39  Photograph  of  Particle 
Mill  ind  Burner  Can 
Section  for  3.5-inch 
Micrp-Ramjet  Test 
Engiiie. 
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A. 2. 3. 6  Dual  Fluid  Injector 

The  dual  fluid  injector  for  the  micro-ramjet  engine  was 
designed  to  fit  into  e  modified  test  section  which  could  include  any 
burner  can  design  used  with  the  injector.  Injector  air  supply  and  slurry 
feed  lines  were  incorporated  into  the  injector  assembly,  and  both  entered 
the  test  section  through  the  assembly  fitting  at  the  top  of  the  injector 
shown  on  Figure  40.  In  thiB  figure,  the  dual  fluid  injector  is  shown  in 
a  cold  flow  test.  The  particles  emerging  from  the  injector  are  very  small, 
and  con  hardly  be  distinguished  from  the  background  of  the  photograph. 

The  injector  air, taken  from  the  main  air  supply,  entered  at  a 
temperature  slightly  above  ambient,  and  the  pressure  was  controlled  between 
zero  and  500  lb/sq  in  by  a  valve  actuated  from  the  control  house.  A  slight 
swirl  was  imparted  to  the  injector  air  to  promote  turbulence  at  the  air- 
slurry  interface.  The  swirling  air  stream  issued  from  a  narrow  annular  gap 
(0.001  to  0.010  inches  wide)  and  impinged  perpendicularly  onto  the  slurry 
stream.  The  atomization  appeared  very  uniform,  and  no  problems  in  maintain¬ 
ing  regularity  or  the  cone  angle  of  the  resulting  slurry  spray  were 
encountered. 


Various  types  of  burner-can  configurations  were  used  with  the 
dual  fluid  injector.  These  will  be  discussed  later  in  connection  with 
the  specific  tests  in  which  they  wjre  used. 

j 

4.3  TEST  PROCEDURES  AND  DATA  REDUCTION 


4,3.1  Data  Recording 


All  data  pertinent  to  each  test  were  recorded  on  an  eighteen- 


channel  recording  oscillograph.  This  information  included:  venturi  pressures 
and  temperatures  for  calculating  air  mass  flow  and  inlet  conditions;  rpm 


of  slurry  ram  feed;  cooling  water  flow  rate  and  temperatures;  chamber 
pressure;  thrust;  and  total  and  static  pressures  from  the  pressure  rake. 

In  addition,  the  sequencing  of  the  exhaust  sample  collection  (and  pressure 
rake  measurements,  when  applicable)  was  recorded  on  the  chart.  Each  three  - 
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Figure  40.  Photograph  of  Dual- Fluid  Injector  Designed  for  Use  with 
the  3.5-mph  Micro-Ramjet  Engine,  under  Cold  Flow 
Conditions  with  a  Slurry  of  73  Per  Cent  Boron  in  JP-4. 
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second  period  of  exheuat  product  sampling  corresponded  to  each  of  the 
various  slurry  feed  rates  (fuel-to-‘alr  ratios)  used,  in  order  that  data 
points  from  chemical  analysis  of  the  exhaust,  thrust  measurement,  and  tote] 
pressure  measurements  represented  the  same  period  of  operating  time. 

Motion  pictures  were  taken  of  the  exhaust  and  through  the  viewing 
port,  in  the  test  section  for  almost  all  of  the  tests.  Close  visual  observa¬ 
tion  of  the  tests  also  was  very  important,  since  the  relative  site  of  the 
particles  in  the  exhaust  prior  to  Ignition  could  indicate  whether  the 
atomization  was  effective,  and  successful  Ignition  could  also  be  determined 
visually.  In  addition,  loss  of  fuel  feed  (rupture  of  blowout  disc)  or  Iobs 
of  cooling  water  could  be  verified  by  visual  observation. 

4.3.2  Test  Procedures 

After  pressurization  of  tne  air  storage  tanks,  heating  of  the 
pebble  bed,  and  assembly  of  the  engine  components,  the  tests  proceeded  sb 
follows : 

(1)  Check  out  and  calibrate  all  transducers 

(2)  Position  cameras 

(3)  Position  and  check  out  exhaust  sample  collector 
mechanism 

(A)  Bring  slurry  up  to  the  combustion  chamber  inlet 

(5)  Start  and  set  water  flow  (for  chamber  cooling  and 
eductor) 

(6)  Bring  inlet  conditions  to  desired  settings 
(low  mass  flow  for  ignition) 

(7)  Begin  slurry  flow 

(8)  Ignite  hydrogen  pilot  (igniter) 

(9)  When  slurry  is  ignited,  bring  fuel  feed  rate  and 
air  flow  rate  to  test  conditions. 

(10)  Initiate  cameras  and  position  sampler  head 

(11)  Shut  off  igniter 

(12)  Step  through  prograraned  values  of  slurry  feed  rate,  taking 
an  exhaust  sample  ror  each  value 

(13)  Shut  down  air,  water,  etc.,  and  secure  facility. 
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When  Che  hydrogen  pilot  was  ignited  the  s lurry  How  had  not 
reached  the  atomiser.  Thus,  the  slurry  was  ignited  nt  an  unknown  fuel-to- 
nlr  ratio  corresponding  to  a  transient  inlet  air  condition. 

This  general  procedure  was  followed  for  all  of  the  tests  reported 
herein.  When  the  dual- fluid  injector  was  used,  injector  air  pressure  was 
set  shortly  before  ignition.  When  the  pressure  rake  was  used,  the  control 

t 

button  for  the  sampler  points  also  actuated  the  total  pressure  sensing 
system.  A  number  of  tests  were  aborted,  usually  because  of  rheological 
difficulties  with  the  fuel.  In  these  cases,  the  blow  out  diaphragm  would 
rupture,  sending  slurry  down  a  clear  plastic  tube  visible  from  the  control 
house.  In  this  manner  the  order  for  abortion  could  be  signalled  quickly  in 
order  to  conserve  slurry. 

4.3.3  Data  Reduction 

The  chemical  analyses  of  the  exhaust  products,  described  fully 
in  Reference  2,  resulted  in  chemical  combustion  efficiencies  of  the  boron 
in  the  fuel.  These  values  were  directly  comparable  to  the  values  derived 
from  thrust,  since  the  samples  were  obtained  simultaneously  with  the 
thrust  trace  for  each  value  of  fuel-to-air  ratio. 

A  computer  program  was  written  to  aid  in  the  calculation  of 
combustion  efficiencies  and  other  data  from  measured  values  of  thrust. 

The  basis  of  the  program  is  included  as  Appendix  II  of  this  report. 

The  total  pressure  data  obtained  from  the  three  pressure- rake 
tests  were  reduced  to  values  of  combustion  efficiency  by  The  Marquardt 

Corporation.  The  compute!  program  ised  to  reduce  pressure  data  from 

! 

previous  Marquardt  ramjet  combustion  tests  was  used  to  process  the  total 
pressure  data  from  this  series  of  tests. 

4.4  RESULTS  OF  BASE-LINE  COMBUSTION  TESTS 
(PARTICLE- MILL  INJECTION) 

The  purpose  of  this  portion  of  the  combustion  testing  was  to 
establish  a  comparison  between  combustion  performance  of  boron  slurries 
in  the  3.5-inch  micro-ramjet  and  their  performance  in  r lie  ft. 3- Inch  ramjet 
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iis(m1  by  Marqu.irdt  for  previous  slurry  combustion  testing/^.  blurry  formula¬ 
tions  other  than  those  previously  tested  by  Merquardt  were  also  tested  in 
the  micro- rum  jut  in  order  to  determine  their  relative  performance, 

4.4.1  Check-Out  and  Calibration  Tests 

Several  bare-duet  (no  burner  tan  present,  no  slurry  flow)  tents 
were  performed  prior  to  the  main  test  series  to  check  out  system  functions 
and  to  check  the  calibration  of  the  load  cell  and  the  venturi  system  lor 
determining  inlet  air  conditions.  Another  test  was  run,  with  the  burner 
can  present,  in  which  S00-extracted  paraffinic  kerosene  (approximately  C 
hydrocarbon)  was  burned.  This  fuel  did  not  burn  well,  and  stable  combustion 
was  never  achieved. 

Other  check-out  tests  included  in  the  base-line  combustion  series 
are  described  on  Table  XIX,  The  results  of  test  No.  8  indicated  that  no 
change  in  thrust  was  caused  by  the  placement  of  the  isokinetic  sampler  head 
in  the  exhaust  of  the  engine,  The  results  of  test  No.  9  verified  that  a 
parallelogram  loading  device  Inserted  between  the  face  of  the  air  distribu¬ 
tion  plenum  and  the  load  cell  prevented  side  loading  on  the  load  coll  due 
to  thermal  expansion  of  assembly  components.  Although  side  loading  appeared 
to  be  only  a  minor  problem  in  the  early  runs,  it  was  believed  that  in 
several  tests  sudden  changes  in  thrust  could  be  attributed  to  slipping  oi 
the  plenum-load  cell  contact  face  due  to  thermal  growth  of  the  air  delivery 
duct. 

4.4 .2  Test  Conditions 

The  nominal  test  conditions  for  the  base-line  series  wen  as 

fol 1 ows : 

(a)  Mach  2.5  at  sea  level 

(b)  Air  flow  rate:  8.7  lb/sec  at  440*F 

(c)  Chamber  pressure:  125  to  150  psia 

(d)  Fuel- to- air  ratio:  0.005  to  0.02 

(e)  Total  combustion  volume:  41.25  ni  In;  duct  diameter  1.5  in 

(f)  Nozzle  (At/A,):  0.60 

J  *4 

(g)  Fraction  of  inlet  air  passing  through  particle  mill 

approximately  10  per  cent. 
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TABLK  XIX 


CHECK-OUT  TESTS  PERFORMED  WITH  THE  3. S- INCH  MICRO* RAMJET 
TEST  ENGINE  AS  A  PART  OF  THE  BASE- LINK  COMBUSTION 
TEST  SEMES 


Teat.  No. 
B 


',4 


10 


11 


Tui'posn  Tyne 

To  determine  effeet-of  Isokinetic  hare-duct  (no  burner 

sampler  head  Insertion  on  measured  can;  no  combustion) 

thrust;  also,  to  provide  further 
baro-duet  calibration 

To  evaluate  device  to  eliminate  side  Hare-duct  (no  burner 
loading  on  the  load  cell;  and  to  can;  no  combustion) 

provide  further  calibration 

To  evaluate  the  drag  characteristics  Burner  can  installed; 

of  the  particle  mill-burner  can  no  combustion 

assembly 

To  obtain  a  bare-duct  calibration  of  Bare- duct  (no  burner 
the  test  apparatus  with  the  pressure  can;  no  combustion) 
rake  equipment  installed. 
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The  eomhustm  volume  was  iiiensured  I  n>m  tin  <  *  1  t  <o  the  particle 
mill  ti>  the  exit  plane  of  the*  no*  tie. 

In  nil  of  the  base-line  tusls  the  tempo r« tun  01  the  •;  lurry  was 
.1  mb  lent ,  which  varied  from  55*F  to  ^0*F. 

4  .'t .  3  Test  Results 

Hu*  slurry  formulation  used  and  the  g  oral  results  for  each 
micro- ram jet  teat  In  the  base-line  aeries  are  pn  jcnrotl  on  Tables  XX  and 
XXI.  Thu  series  of  tests  described  on  Table  XXI  included  tin  total 
pressure  rake  as  a  third  method  >f  determining  fuel  per f ormnnee , 

The  results  of  Tests  1  through  7  are  tabulated  in  Tables  XXXll 
through  XLIII  of  Appendix  til.  Plots  of  the  data  in  terms  of  combustion 
efficiency  versus  fuel-to-air  ratio  are  presented  in  Figure  41  through  -*6 , 
and  the  micro- ramjet  data  are  compared  with  Marquardt  dnta^for  the 
6. 3- Inch  ramjet  for  the  three  slurries  tested  In  the  Marquardt  engine. 

Plots  of  combustion  efficiency  versus  equivalence  ratio  for  most,  of  t  lie 
tests  are  presented  In  Figures  71  through  74  in  Appendix  III. 

In  Figures  41  through  46,  the  chemical  combustion  efficiency  or 
the  boron  (determined  from  exhaust  sampling)  wns  taken  to  be  that  ot  the 
entire  slurry.  It  was  found  that  the  assumption  of  complete  carrier 
combustion  was  not  valid  for  these  fuels.  The  deviations  which  occurred 
hetween  the  assumption  of  complete  carrier  combustion  and  carrier  combust lo 
efficiency  equal  to  that  of  the  boron  are  indicated  on  Tables  XXXll  through 
XLIII  of  Appendix  III. 

It  should  be  noted  chat  no  test  data  could  be  obtained  with  the 
isooctane-bascd  slurry  in  test  No.  5  because  of  rheological  difficulU.es. 
Rheological  problems  were  also  observsd  with  the  slurry  ot  6“>  per  cent 
washed  boron  in  isopropanol  (Test  No.  7)  at  a  shear  rate  ot  about  30b  sec  1 
The  latter  flow  stoppage  was  believed  due  to  inhomogeneities  in  the  slurry 
resulting  from  inadequate  mixing,  and  not  to  dilatancy  of  tin  .-.lurry  at 
the  shear  rate  attained. 


109 


CONIIIENTIAL 


Atlantic  Research  Corporation 

At  I:  X  AN  DR  I A  ,  VIRGINIA 


C6NFIDEHTIAL 


TABLE  XX 

SUMMARY  OF  SLURRY  FORMULATIONS  ANN  GENERAL 
COMMENTS  FOR  MICRO  RAMJET  TESTS  WITH 
PARTICLE  MILL  INJECTION 


Test  No. 


Formula  tion 


Genera 


To  s  t:  Results 


1  73,0'/.  Ball  Milled  Boron 

2 . 197.  Glycerol  Sorbltan  Laurate 

24.077.  JP-4 

0.747.  Aluminum  Soap 

2  647.  Ball  Milled  Boron 
167.  B13P2 

2.4/i  Glycerol  Sorbltan  Laurate 
17.347.  SO^-Extracted  Paraffinic 
Kerosene 

0.267.  Polystyrene  Gellant 

3  757.  Ball  Milled  Boron 
1.887.  Amine  Surfactant 
23.127.  Isopropanol 

4  7  07.  Ball  Milled  Ultra-Fine, 

High  Purity  Boron 
28.87.  JP-4 

4.27.  Glycerol  Sorbltan  Laurate 

5  807,  Ball  Milled  Boron 

2.4”4  Glycerol  Sorbitan  Lai  rate 
0.537.  Polystyrene  Gellant  , 
17.07%  Isooctane 

6  757.  Ball-Milled  Submicron  Boron 

2  0.57.  JP-4 

4.57.  Glycerol  Sorbitan  Laurate 

7  657.  Isopropanol'-Washed  Boron 

357.  Isopropenol 


(a)  No  System  Problems 

(b)  Good  Combustion 

(c)  Burner  Can  Failed 

(d)  Burnthrough  in  Water  Jacket 

(a)  No  System  Problems 

(b)  Much  Unburned  Slurry  in 

Exhaust 

(c)  Heavy  Deposition  in  Combustor 


(a)  No  System  Problems 

(b)  Good  Combustion 

(c)  Burner  Can  Failed 

(a)  No  System  Problems 

(b )  Good  Combustion 

(c)  Burner  Can  Failed 

(a)  Fuel  Plugged  in  each  of 

Three  Test  Attempts 

(b)  Ignition  Achieved  Twice, 

But  No  Data 


(a)  No  System  Problems 

(b)  Poor  Combustion 

(c)  Few  Burnthrough  Holes  in 

Burner  Can 

(a)  Fuel  Stoppage  at  Third 

Data  Point 

(b)  Little  Deposition  in 

Combustor 

(c)  Burner  Can  Failed 

(d)  Excellent  Combustion 
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TABLE  XXI 

QUALITATIVE  RESULTS  OF  BASE-LINE  COMBUSTION 
TESTS  IN  THE  3.5- INCH  MICRO- RAMJET  ENGINE 
EQUIPPED  WITH  A  FIVE- POINT  TOTAL  PRESSURE  RAKE 


12 


13 


Slurry 

Formulation 

737,  Boron 
23.827,  JP-4 

0,997,  Polystyrene  Gellant 
2.197.  Glycerol  Sorbitan 
Laura  te 

(Same  as  12) 


Nominal  Air 
Inlet  Conditions 

Mach,  2.5  at  Sea 
Level,  Cold  Day 


(Same  as  12) 


Results  and  Observations 

Good  combust/  \ ,  but  no 
thrust  or  pressure  data 
due  to  reorder  malfunction; 
burner  can  and  rake  intact. 


Fair  to  i>ood  combustion; 
burner  can  and  rake  intact. 


14  757.  Boron  (Same  as  12) 

2  3.127.  Isopropanol 
1  .887.  Amine  Surfactant 


Good  combustion;  few  pits  in 
burner  can;  rake  intact. 


15  807.  Boron  (Same  as  12) 

17.077,  Isooctanc 
0.537.  Polystyrene  Cellant 
2.47.  Glycerol  Sorbitan  Laura  te 


Good  combustion,  but  fuel  be¬ 
came  dilatant  on  third  point; 
flow  rate  was  dropped  and  in¬ 
creased  for  four  more  points. 
Very  heavy  deposition  on  can. 
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y  0.80 
a* 

fti 

U 


g  0.60 


&  1964  Marquardt 

Data  (Mach  2.2) 

0  ARC  Chemical 
Data  (Mach  2.5) 

O  ARC  Thrust 
Data  (Mach  2.5) 

Chemical  Combustion  Efficien¬ 
cy  is  for  Boron  alone,  Assumed 
Same  Efficiency  for  Carrier,  i 


0.004  0.006  0.008  0.01 


ao2o 


FUEL- TO-AIR  RATIO  (lb/lb) 


0.030  0.040 


Figure  41.  Comparison  of  ARC  Micro-Ramjet  Data,  from 
Exhaust  Sampling  and  Thrust  Measurement  in 
3.5-inch  Micro-Ramjet  using  Particle  Mill, 
and  1964  Marquardt  Results  in  6.3-inch  Test 
Engine,  for  Slurry  of  73  Per  Cent  Boron  in 
JP-4.  ARC  Conditions  -  Mach  2.5,  Sea  Level 
Marquardt  Conditions  -  Mach  2.2,  Sea  Level. 
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1964  Marquardt  Data 
(Mach  2.2  at  Sea  Level) 


Figure  43.  Comparison  of  ARC  Micro-Ramjet  Data  from  Chemical  Sampling  of 
Exhaust  and  Thrust  Measurement  in  3.5-inch  Test  Engine  Using 
Particle  Mill,  and  1964  Marquardt  Data  from  6.3-inch  Test 
Engine,  for  Slurry  of  75  Per  Cent  Boron  in  Isopropanol. 
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Figure  45.  Comparison  of  Data  from  Chemical  Sampling  of  Exhaust  and  Thrust 
Measurements  for  Slurry  of  75  Per  Cent  Submicron  Boron  in  JP-4, 
Tested  in  3.5-inch  ARC  Micro-Ramjet  Test  Engine.  Inlet 
Conditions  -  Mach  2.5  at  Sea  Level. 
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Figure  46.  Comparison  of  Data  from  Chemical  Sampling  of 
Exhaust  and  Thrust  Measurements  for  Slurry  of 
65  Per  Cent  Washed  Boron  in  Isopropanol,  Tested 
in  3.5-inch  ARC  Micro-Ramjet  Test  Engine. 

Inlet  Conditions  -  Mach  2.5  at  Sea  Level. 
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Tests  12  through  15  utilised  the  five-point  total  pressure  raku  to 
determine  slurry  performance,  in  addition  to  thrust  measurement  and  chemical 
analysis  of  exhaust  sampling.  The  results  of  the  tests  with  the  pressure 
rake  are  compared  on  Tables  XXII,  XXIII,  and  XXIV  to  other  tests  without  the 
take  installed.  Total  pressure  data  from  the  rake  are  presented  on  Tables 
XL.V,  XLVII,  and  XLIX  in  Appendix  III.  Combustion  efficiencies  from  these 
tests  are  plotted  as  a  function  of  equivalence  ratio  on  Figures  75,  /6,  and 
77  of  Appendix  III. 

Hie  procedure  of  Test  15  for  the  isooctane-based  slurry  was 
altered  from  that  usually  followed  because  the  slurry  proved  to  be  dilatnnt 
at  a  fuel-to-air  ratio  of  about  0.013  (or  a  fuel  flow  rate  of  about  1.12  lb/sec 
and  higher  fuel  flow  rates  could  not  be  obtained.  This  value  of  f/a  correspond 
to  a  shear  race  of  about  400  sec  *  through  the  slurry  feed  line.  It  is  not 
surprising  that  the  slurry  of  80  per  cent  boron  in  isooctane  was  dilatant  at 
these  shear  rates,  but  it  was  believed  that  the  available  pressure  of  800  psi 
would  have  been  sufficient  to  deliver  flow  at  shear  rates  higher  than  400  sec* 

4.4.3  Discussion  of  Results  ' 

4.4.4. 1  General 

A  summary  plot  of  all  of  the  micro- ramjet  tests  which  utilized 
particle-mill  injection  is  presented  on  Figure  47.  Three  of  the  fuels 
performed  in  the  shaded  band,  indicating  that  their  performance  for  the  con¬ 
figuration  and  conditions  used  was  similar.  Since  two  of  the  fuels  in  this 
band  were  "standard"  formulations  (73  per  cent  boron  in  JP-4;  75  per  cent 
boron  in  isopropanol),  the  performance  of  these  fuels  may  be  used  as  a 
standard  to  compare  the  properties  |>f  the  other  fuels  tested,  and  to  list 
some  possible  reasons  why  their  performance  deviated  from  the  standard.  This 
comparison,  and  the  relative  ranking  of  the  fuels  as  to  combustion  efficiency, 
is  presented  on  Table  XXV.  Table  XXV  also  includes  a  relative  ranking  of  th? 
slurries  based  on  heat  released  per  unit  volume  at  a  fuel-to-air  ratio  of  0,01. 

According  to  Table  XXV,  it  appears  likely  that  deviations  from  the 
"standard"  of  performance  were  caused  by  differences  in  particle  size  re¬ 
sulting  from  atomization  and  differences  in  the  relative  volatility  of  the 
carrier.  There  is  also  a  possibility  that  elimination  of  surface  contamina¬ 
tion  (through  washing,  in  this  case)  can  enhance  combustion  performance. 
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TABLE  XXIX 


RESULTS  OF  COMBUSTION  TESTS  OF  JP-4  BASED  BORON 
SLURRIES  CONTAINING  73  PER  CENT  SOLIDS,  TESTED 
IN  TOE  3.5- INCH  MICRO- RAMJET  ENGINE  WITH  AND  WITH¬ 
OUT  THE  TOTAL  PRESSURE  RAKE  (INLET  CONDITIONS  - 
MACH  2.5  AT  SEA  LEVEL,  COLD  DAY) 


Combustion  Efficiencies3 


Fuel-to-Air  Ratio 
lb/lb 

Test 

1° 

Test  12 

Test 

13U 

Exha ust 
Samples 

Thrust 

Exheuet 

Samples 

Exhaust 

Samples 

Thrust 

Total 

Pressure 

0.0060 

0.75 

0.72 

0.79 

0.63 

0.53 

42.8 

0.0083 

0.51 

0.49 

0.60 

0.69 

0.59 

50.6 

0.0115 

0,43 

0.46 

0.54 

0,54 

0.45 

43,0 

0.0142 

0.40 

0.42 

0.47 

0.45 

0.43 

40.1 

0.0.62 

0.34 

0.39 

0.42 

0.41 

0.41 

39.6 

0.0193 

0.30 

0.33 

0.41 

0.30 

0.38 

37.9 

a.  The  "Exhaust  Sample"  combustion  efficiencies  are  for  boron  alone. 

b.  The  slurry  in  Test  1  contained  0.74  per  cent  aluminum  soap  gellant; 

Tl>e  slurry  in  Tests  12  and  13  contained  0.99  per  cent  modified  polystyrene* 
gellant.  The  pressure  rake  was  installed  in  tests  12  and  13. 

c.  Data  reduced  by  The  Marquardt  Corporation. 
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TABLE  XXIZZ 

RESULTS  OP  COMBUSTION  TESTS  OF  AM  ISOPROPANOL- 
BASED  BORON  SLURRY  CONTAINING  75  PER  CENT  SOLIDS, 
TESTED  IN  THE  3. 5- INCH  MICRO- RAMJET  ENGINE  WITH  AND 
WITHOUT  THE  TOTAL  PRESSURE  RAKE  (INLET  CONDITIONS  - 
MACH  2.5  AT  SEA  LEVEL,  COLD  DAY) 


Exhaust  Exhaust  Total 


Fuel-to-Air  Ratio 

Samples 

Thrust 

Samples 

Thrust 

Pressure 

0.0061 

-  . 

0.76 

0.39 

32.6 

0.0096 

0.62 

0.59 

0.76 

0.49 

52.2 

0.0129 

0.52 

0.49 

0.7? 

0.45 

48.9 

0.01A9 

0.41 

0.45 

0.65 

0.39 

44.1 

0.0192 

0.23 

0.33 

0.52 

0.33 

41.4 

0.0207 

0.19 

0.27 

0.45 

0.27 

37.3 

a.  Thu  "Exhaust  Sample"  combustion  efficiencies  are  for  boron 
alone. 

b.  Test  14  was  with  the  pressure  rakq  installed;  Test  3  was 
without  the  rake 

c.  Data  reduced  by  The  Marquardt  Corporation. 
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TABLE  XXIV 

RESULTS  OF  COMBUSTION  TEST  OF  AN  ISOOCTANE- BASED 
BORON  SLURRY  CONTAINING  SO  PER  CENT  SOLIDS,  TESTED 
IN  THE  3. 5- INCH  MICRO- RAMJET  ENGINE  EQUIPPED  WITH 
THE  TOTAL  PRESSURE  RAKE  (INLET  CONDITIONS  -  MACH  2.5, 
SKA  LEVEL,  COLD  DAY) 


Oombus t ion  K t Flc It uc l« a 


Approximate 
Fuol-to-Air  Ratio 
lb/lb 

Exhaust 

Samples8 

Thrust 

To  t«  1 
Pressure 

0.0033 

0.67  ■ 

0.68 

50.5 

0. 0049 

0.73 

0.69 

63.5 

0.0060 

0.82 

0.75 

57.5 

0.006 A 

0.79 

0.78 

71.1 

0.0081 

-- 

0.  75 

67.3 

0,0097 

0.77 

0.69 

48. 6 

a.  The  "Exhaust  Samples"  combustion  efficiencies  are  for  boron  alone. 

b.  Data  reduced  by  The  Marquardt  Corporation. 
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4.4. 3.2  Comparison  with  Marquardt  Results 

The  results  obtained  with  the  3.5-lnch  micro-ramjet  did  not 
agree  quantitatively  with  the  data  obtained  by  The  Marquardt  Corporation  in 
the  6.3- inch  ramjet  test  engine,  as  shown  on  Figures  41,  42,  and  43.  The 
most  reasonable  course  of  this  difference  is  the  much  smaller  size  (both 
length  and  diameter)  of  the  micro-ramjet,  which  produces  a  significant 
reduction  in  residence  time  in  the  combustor. 

When  this  difference  in  residence  time  is  taken  into  account, 
it  is  believed  that  the  qualitative  agreement  of  the  micro- ramjet  data  with 
the  M.irquardt  data  is  excellent.  For  both  test  engines,  combustion  effi¬ 
ciency  peaks  at  about  0.01  f/a  and  decreases  steadily  as  fuel-to-air  ratio 
is  increased.  The  relative  ranking  of  the  fuels  based  on  combustion  effi¬ 
ciency  is  also  the  same  for  both  engines,  as  indicated  by  Figures  41,  42, 
and  43.  In  addition,  very  similar  bhrnthroughs  in  the  burner  can  skirt 
were  obtained  with  the  more  active  slurries  with  both  engines  (burnthroughs 
are  described  later  in  this  section).  This  qualitative  agreement  assures 
that  the  results  of  future  testing  In  the  micro-ramjet  can  be  extrapolated 
to  performance  in  another  particle-mill-equipped  engine  on  a  relative  basis; 
in  other  words,  fuels  which  are  ranked  in  a  certain  order  in  the  micro- 
ramjet  can  be  expected  to  perform  according  to  this  ranking  in  a  larger 
ramjet  engine. 

4.4. 3.3  Methods  of  Performance  Measurement 

As  indicated  by  the  data  on  Figures  41  through  46,  combustion 
performance  based  on  exhaust  sampling  agrees  very  well  with  thrust  measure¬ 
ment  when  the  combustion  efficiency  of  the  carrier  is  assumed  equal  to  that 
of  the  boron.  These  two  methods  of  measurement  appear  to  provide  adequate 
determination  of  combustion  performance  when  used  together.  Good  agreement 
was  also  obtained  between  combustion  efficiencies  based  on  thrust  ami  on 
tot  1  pressure  measurements;  however,  the  presence  of  the  pressure  rake 
appeared  to  result  in  particle  size  sorting  at  the  exhaust,  rendering  the 
exhaust  sampling  method,  at  a  single  position,  unacceptable  for  use  in 
combination  with  the  total  pressure  ra'ke.  A  comparison  of  the  chemical  data 
with  and  without  the  pressure  rake  is  presented  on  Table  XXVI. 
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TABLE  XXVI 


COMPARISON  OF  RESULTS  OF  EXHAUST  SAMPLE  ANALYSIS 
WITH  AND  WITHOUT  THE  TOTAL  PRESSURE  RAKE.  COM¬ 
BUSTION  IN  THE  35-INCH  MICRO-RAKJET  TEST  ENGINE 
AT  INLET  CONDITIONS  OF *MACH  2.5,  SEA  LEVEL,  COLD 

DAY. 


Test  No.  1,  without  the  pressure  rake. 

Tests  No.  12  and  13,  with  the  pressure 
rake.  The  fuel  was  737.  boron  in  JP-4. 

i 

Fuel  to  Air 

Ratio  Average  Combustion  Combustion  Efficiency  from  Exhaust  Analysis 


lb/lb 

Efficiency  from  thrust 

Test  1 

Test  12 

Test  13 

0.006 

0.62* 

0.75 

0.79 

0.65 

0.008 

0.54 

0.49 

0.61 

0.69 

0.012 

0.44 

0.43 

0.54 

0.55 

0.014 

0.43 

0.41 

0.47 

0.43 

0.017 

0.40 

0.34 

0.42 

0.41 

0.020 

0.36 

0.30 

0.41 

0.30 

Probably  a  low  value  because  of  gas  in  the  fuel,  producing  a  reduction 
in  density. 
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Although  comparison  of  combustion  efficiencies  between  thrust 
and  total  pressure  resulted  in  good  agreement  (see  Tables  XXII,  XXIII,  and 
XXIV),  somewhat  less  agreement  was  achieved  between  the  measured  values 
of  and  those  calculated  from  thrust  measurement,  as  shown  on  Table  XXVII. 
Howevlr,  the  bare-duct  calibration  test  (Test  11)  for  the  pressure  rake 
produced  a  very  reasonable  total  pressure  distribution  as  shown  on  Figure  48. 


Based  on  the  experience  obtained  in  using  the  three  methods  of 
evaluating  slurry  combustion  performance,  it  is  believed  that  the  most  effi¬ 
cient  and  beneficial  technique  for  uee  with  the  micro-ramjet  engine  is  the 
combination  of  thrust  measurement  and  exhaust  sampling. 

4.4. 3.4  Burnthroughs  and  Slurry  Deposition 

In  Test  1  (for  73  per  cent  boron  in  JP-4,  the  burner  can  was 
destroyed  by  the  combustion  process,  as  shown  on  Figure  49.  The  type  of 
burnthrough  and  even  the  pattern  of  the  metal  loss  are  very  similar  to  those 
experienced  by  Marquardt  with  similar  burner  cans  and  slurry  formulations  . 
The  burnthrough  in  Test  1  appeared  to  occur  mainly  at  a  fuel-to-air  ratio  of 
0.023,  sines  at  this  condition  molten  metal  from  the  can  lodged  cm  the 
downstream  duct  wall  and  caused  a  burnthrough  at  that  location. 


Motion  pictures  were  taken  of  the  burner  can  through  the  quartz 
window  during  Tests  3,  4  and  7  in  which  burnthroughs  similar  to  that  of 
Test  1  also  were  experienced.  These  movies  show  that  the  burnthroughs  in  the 
burner  can  occur  at  a  fuel-to-air  ratio  of  about  0.01  for  each  of  these  tests. 

A  slight  burnthrough  also  was  experienced  in  Test  6  at  an  f/a  of  about  0.01. 
Although  there  appears  to  be  a  correlation  between  the  extent  of  burnthrough 
and  slurry  burning  characteristics,  no  complete  interpretation  is  possible. 

These  results  do  indicate  that  in  tests  involving  cold  flow  prior  to  ignition 
that  burner  can  is  probably  protected  by  a  buildup  of  cold- flowing  slurry,  which 
coats  the  burner-can  section  with  a  material  (dried  slurry)  of  fairly  low 
thermal  conductivity.  However,  this  probably  is  not  desirable,  generally, 
because  this  procedure  would  result  in  changing  combustion  conditions  at  the 
wall,  loss  of  slurry  prior  to  ignition,  and  increased  burner  drag. 
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TABLE  XXVII 


COMPARISON  OF  MEASURED  VALUES  OF  P  AVERAGED 

s 

FROM  PRESSURE  RAKE  DATA  WITH  VALUES  OF  P( 

CALCULATED  FROM  THRUST  MEASUREMENTS  IN  BORON 
SLURRY  COMBUSTION  TESTS  13,  14,  AND  15  PERFORMED 
IN  THE  3.8-INCH  MICRO-RAMJET  TEST  ENGINE  (INLET 
CONDITIONS  -  MACH  2.5,  SEA  LEVEL,  COLD  DAY) 


TEST  NO 

■  13 

TEST  NO.  14 

TEST  NO 

■  15 

SLURRY 
73%  BORON  1 

OF 

IN  JP-4 

SLURRY  OF 

79t  BORON  IN  ISOPROPANOL 

SLUrkY 

8 <J%  BORON  IN 

OF 

ISOOCTANE 

P  FROM  RAKE 

MEASUREMENT 

psia 

P  FROM 

THRUST 

psia 

Pc  FROM  RAKE 

mIasurement 

psia 

P  FROM 

T&RUST 

psia 

P  FROM  RAKE 

MiiASUREMENT 

psia 

P  FROM 
t, 

T  rill  U  ST 
PS  ia 

103.0 

108 

7t.k 

:Jy 

jJ-'2 

1-3 

103.  2 

113 

IO5.8 

107 

104.7 

1.7:' 

IlU.v 

111 

110.7 

112 

104.3 

111 

112.4 

120 

112.2 

113 

110.2 

ll>- 

115.3 

122 

114.4 

113 

113.2 

12- 

117.3 

124 

115.0 

113 

113.5 

121 

Average  Deviation 

Average  Deviation 

Average  Deviation 

5.0  psia 


1.5  psla 


5.2  psia 
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Figure  49.  Photograph  of  Micro-Ramjet  Burner  Can  after  Test  Nn  1  /« i, 

Fuel-totAf/^^r^.oSsTo'o.’oM).1  ConcU,ions  Mach  *•»  »*  E«l; 
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A  buildup  of  dried  slurry  on  the  burner  can  was  observed  with  oil 
the  slurries,  with  the  boron-B^P^  slurry  In  kerosene  (Test  2)  and  the 
Isooctane -based  slurry  (Test  IS)  producing  slightly  more  buildup  (and  no 
burner  can  burnthroughs)  than  the  other  slurries;  the  slurry  containing  washed 
boron  In  Isopropanol  (Test  7)  produced  the  least  buildup.  A  .photograph  showing 
the  slurry  buildup  which  occurred  during  Test  No.  2  (slurry  of  boron  and  B  ^|> 

Ln  kerosene)  Is  presented  as  Figure  50.  A  comparison  of  Figures  49  and  50 
indicates  the  similarity  of  buildup  for  the  two  cases  (Tests  1  and  2).  The 
buildup  of  fuel  on  the  burner  can  during  the  tests  corresponded  to  an  increase 
in  burner  drag  of  from  21-23  psi  at  the  beginning  to  28-29  psi  at  the  end  of 
each  run  (except  Test  6,  which  showed  an  unusually  high  drag  of  about  40  psi 
at  the  end  of  the  test). 

4. 4. 3. 5  Interpretation  of  Thrust  Trace  Trends 

The  thrust  traces  for  all  fuels  which  burned  well  were  strikingly 

similar;  the  total  thrust  leveled  off  to  a  constant  value  for  values  of  f/a 

greater  than  0.01  for  all  three  fuels.  In  fact,  for  some  fuels  the  thrust  level 

was  actually  reduced  by  increased  f/ay  in  the  range  of  0.02.  Till s  is  believed 

to  be  n  strong  indication  that  the  stoichiometry  of  the  mixture  emerging 

from  the  particle  mill  has  a  very  significant  effect  on  the  combustion  process. 

At  and  below  approximately  stoichiometric  conditions  at  the  injector  discharge 

location  (f/a  «s0.01)  the  combustion  efficiency  was  good,  but  at  fuel-rich 

conditions  (f/a  >0.01)  the  combustion  efficiency  fell  off  rapidly.  Perhaps 

this  can  be  interpreted  roughly  as  meaning  that  the  air  through  the  particle 

mill  is  that  used  mainly  for  combustior^;  and  therefore,  only  a  certain  amount 

* 

of  fuel  will  burn  regardless  of  the  value  of  overall  engine  f/a.  Of  course, 
some  combustion  occurs  downstream  from  the  inlet  holes  in  the  skirt  of  the 
can,  and  this  would  provide  some  deviation  from  the  effect  hypothesized  in  the 
preceding  sentence. 

Plots  of  boron  oxidation  rate  versus  fuel-to-air  ratio,  such  as 
the  typical  one,  for  Test  1,  on  Figure  51,  indicate  that  the  amount  of  boron 
burned  per  second  (the  boron  oxidation  rate)  tends  to  approach  a  constant 


130 

CONFIDENTIAL 


RATE  OF  BORON  OXIDATION  (lb  sec) 


Atlantic  Rk»ca*cm  Coaaoaation 

ALCKANOAIA,  VI  ACllNlA 


CONFIBENTI AL 


#6355 


FUEL- TO-  AIR  RATIO  (lb/ lb) 


Figure  51.  Plot  of  Total  Boron  Oxidation  Rate  Versus  Fuel-to-Air  Ratio 
for  Combustion  of  a  Slurry  of  73  Per  Cent  Boron  in  JP-4  in 
the  3. 5- inch  Micro-Ramjet  Test  Engine  with  Particle  Mill 
Injection  (Inlet  Conditions  -  Mach  2.5  at  Sea  Level). 
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value  or  dec  ton so  as  the  f/n  is  increased,  This  result  is  completely  consistent 
with  the  hypothesis  of  the  preceding  paragraph;  that  is,  that  only  a  constant 
portion  of  the  air  (that  which  passes  through  the  particle  mill)  la  available 
for  horon  combustion.  It  should  be  noted  here  that  the  procedure  followed  in 
the.  tests  reported  herein  consisted  of  incrementally  increasing  the  slurry 
fuel  flow  rate,  while  maintaining  a  constant  air  flow  rote,  and  data  were 
recorded  continuously. 

4. 4. 3. 6  Limitations  of  Data  Collection  and  Analysis 

Determination  of  boron  combustion  efficiency  by  chemical  analysis 
of  exhaust  samples  appears  to  produce  a  reliable  qualitative  comparison  of 
slurry  performance.  In  fact,  the  chemical  data  appear  to  be  more  consistent 
throughout  the  runs  than  the  efficiencies  calculated  from  thrust  mea surements . 

The  "sorting"  of  solid  particles,  corresponding  to  a  nonun; form 

concentration  distribution  across  the  exit  plane  of  the  noiele,  which  was 

(2) 

evident  in  the  1964  work  did  not  (.ppear  to  occur  in  these  tests,  except  for 
those  in  which  the  pressure  rake  was  positioned  just  upstream  of  the  sampler 
head.  The  explanation  for  the  increased  reliability  of  the  isokinetic  sampler 
for  determining  combustion  efficiency  in  the  present  runs  is  the  five- fold 
increase  in  mass  flow  rate  through  the  engine  in  the  low  altitude  runs  as 
compared  with  the  high  altitude  conditions  used  in  the  1^64  tests.  Because  of 
the  higher  mass  flow,  mixing  in  the  burner  can  has  been  increased,  probably  suffi¬ 
ciently  to  permit  a  uniform  concentration  distribution  at  the  exit.  The 
increased  length  of  the  engine  duct  In  this  series  of  tests  may  also  have 
aided  in  increasing  the  accuracy  of  the  exhaust  sampling  data. 

Therefore,  the  major  limitations  of  the  chemical  sampling  method 
of  determining  slurry  performance  are  the  accuracy  of  the  analytical  method 
and  the  fact  that  the  combustion  efficiency  of  the  carrier  was  not  determined. 

It  is  believed  that  the  accuracy  of  the  analysis  is  within  one  or  two  per 
cent.  Also,  by  comparing  the  thrust  results  with  the  sampling  results,  an 
estimate  of  carrier  combustion  efficiency  may  be  obtained.  In  the  case  of 
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the  tests  conducted  thus  far,  the  combustion  efficiencies  of  the  various 

♦ 

carriers  appear  to  be  in  the  range  of  40  per  cent  (at  low  boron  efficiencies) 
to  70  per  cent  (at  high  boron  efficiencies).  These  efficiencies  could 
probably  be  increased  by  an  increase  in  residence  time  in  the  burner. 

The  calculation  of  combustion  efficiency  (' I ^)  on  the  computer 
(see  Appendix  II)  involves  convergence  of  the  nozzle  exit  velocity  with  the 
sound  speed  at  that  station,  for  which  the  values  of  '/^  are  improved  until  the 
calculated  thrust  matches  the  measured  thrust.  This  procedure  requires  that 
the  combustion  efficiency  of' the  carrier  be  a  known  function,  either  a  constant 
or  a  function  only  of  the  combustion  efficiency  of  the  boron.  In  the  case  of 
Test  2  (boron  and  SC^-extracted  paraffinic  kerosene),  it  was  found  that 

the  assumption  of  complete  carrier  combustion  in  all  cases  was  far  from  valid, 
since  the  calculated  combustion  efficiency  of  the  boron  resulting  from  this 
assumption  would  have  to  be  negative  for  convergence  of  the  exit  velocity  and 
sound  speed  (and,  also,  calculated  and  measured  thrust)  in  the  program. 

However,  the  assumption  that  the  carrier  combustion  efficiency  was  equal  to 
Clio t  of  the  boron  resulted  in  overall  combustion  efficiency  data  which  were 
internally  consistent  in  all  cases.  Close  inspection  of  the  data  reveals  the 
possibility  that  the  combustion  efficiency  of  the  carrier  might  have  been 
lower  than  that  of  the  boron  at  the  lower  values  of  f/a  and  higher  than  that 
of  the  boron  at  the  higher  values  of  f/a.  This  would  account  for  the  slight 
difference  in  slopes  of  versus  f/a  between  the  chemical  data  and  the 
thrust  data  observed  for  most  of  the  runs. 

The  computer  program  compared  programmed  values  of  burner  drag 
with  values  determined  by  pressure  measurements.  The  programmed  values  of 
burner  drag  produced  consistent  results  for  all  tests  except  No,  6,  for  which 
burner  drags  as  high  as  40  psi  were  indicated  by  both  the  results  of  chemical 
sampling  and  pressure  measurements  on  ghe  engine.  The  values  presented  for 
Te6t  6  represent  the  data  resulting  from  correction  of  the  burner  drag  for 
this  case.  Although  this  test  (Test  No.  6)  resulted  in  a  fairly  heavy 
deposition  of  unburned  and  burned  slurry  on  the  can  walls,  the  deposition 
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was  not  quite  as  thick  as  in  Tests  2  or  15  (see  Figure  SO)  even  though  the 
pressure  drop  was  much  higher. 

In  several  tests  (notably  Test  13)  the  initial  data  points  (at  the 
lowest  values  of  f/a)  from  exhaust  sampling  and  thrust  measurement  showed  poor 
agreement.  This  difference  is  believed  to  be  caused  by  the  presence  of  air  or 
other  gas  in  the  fuel.  The  value  of  f/a,  which  is  calculated  from  the  rpm 
of  the  ram,  is  in  error  on  the  low  side  when  voids  are  present;  therefore, 
the  theoretical  heat  release  calculated  from  the  fuel  flow  rate  is  in  error 
on  the  high  side,  causing  the  combustion  efficiency  based  on  thrust  to  be 
abnormally  low.  For  later  tests,  the  gas  was  eliminated  by  warming  each 
slurry  during  the  last  stages  of  mixing  and  extruding  it  directly  from  the 
mixer  into  the  ram. 

4. A. 3. 7  Correlation  with  Ajnbient  Pressure  Combustor  Results 

The  relative  ranking  of  the  slurry  formulations  tested  in  the 
micro-ramjet  correlated  well  with  the  relative  activity  ranking  obtained  with 
the  ambient  pressure  combustor,  with  the  exception  of  one  slurry.  The  iso¬ 
octane-based  slurry  (80  per  cent  solids  -  Test  No.  15)  performed  poorly  in 
the  ambient  pressure  combustor,  but  exhibited  high  combustion  efficiencies  in 
the  micro- ramjet  tests.  The  comparison  of  the  two  rankings  is  presented  on 
Table  XXVIII. 

Further  work  on  non- dimensional iz ing  the  ambient  pressure  data  may 
provide  a  stronger  basis  of  correlation  between  the  two  testing  methods.  For 
the  present,  however,  it  appears  that  the  ambient  pressure  combustor  can 
serve  generally  as  an  economical  and  reliable  method  of  predicting  differences 
in  the  combustion  performance  of  slurry  fuels  containing  the  same  carrier  (assum¬ 
ing  particle-mill  atomization  is  used  in  the  ramjet  performance  tests). 

4.5  RESULTS  OF  FUEL  EVALUATION  STUD'-ES  WITH  THE  DUAL- FLUID  INJECTOR 

The  primary  objective  of  these  tests  was  to  develop  a  method  of 
evaluating  slurry  fuels  which  was  not  dependent  upon  the  physical  characteris¬ 
tics  of  the  slurry,  but  with  which  factors  such  as  the  effects  of  primary 
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TABLE  XXVIII 


COMPARISON  OF  COMBUSTION  PERFORMANCE  RANKINCS  OF  VARIOUS 
SLURRY  FUELS  FROM  MICRO-RAMJET  DATA  AND  AMBIENT 
PRESSURE  £EST  RESULTS 


Ranking  from 

Formu la t Ions  Micro-Rain i et  Ranking  Ambient  Pressure  Results 


65$  Washed  Boron  1  1 

in  Isopropanol 

8 %  Ball-Milled  Boron  2  7 

in  Isooctane 

73f«  Ball-Milled  Boron  3  3 

in  JP-4 

73%  Ball-Milled  Boron  4  2 

in  Isopropanol 

70%  High  Purity,  Ultra-Fine  5  k 

Boron  (Ball-Milled)  in  JP-4 

7 yj>  Submicron  Boron  6  t* 

(Ball-Milled)  in  JP-4 

ftk’ii  Ball-Milled  Boron,  lb%  7  !? 

in  SO.  -Extracted 
1$  u  d 

Paraffinic  Kerosene 


^Although  this  slurry  could  not  be  tested  in  the  ambient  pressure 
combustor  because  of  the  presence  of  large  agglomerates,  visual 
observations  of  its  combustion  placs  it  as  No.  6  in  the  rankings. 
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particle  size  and  surface  cleanliness  could  be  evaluated.  Secondary  objectives 
Included  evaluation  of  various  fuels  using  dual-fluid  atomization,  and  observa¬ 
tion  of  the  combustion  characteristics  of  a  well-atomized  cloud  of  boron  dust. 
In  order  to  accomplish  these  objectives  the  dual- fluid  injector  was  designed 
to  completely  overpower  the  cohesive  forces  in  the  slurry,  and  the  injector  air 
pressure  requirements  were  thus  expected  to  be  much  higher  than  the  70  psia 
u6ed  in  the  ambient  pressure  combustor. 

4.5.1  Check-Out  and  Calibration  Tests 


The  primary  goal  of  this  series  of  three  bare-duct  tests  with  the 
dual-fluid  injector  was  to  establish  the  injector  air  pressure  and  gap  spacing 
to  be  used.  Slurry  was  atomized  at  injector  air  pressures  from  100  psig  to 
500  psig.  Based  on  visual  observation  of  the  fineness  of  the  resulting  dust 
and  the  symmetry  of  the  cone  angle,  a  minimum  pressure  of  200  psig  was 
established  for  gap  spacings  from  0.001  to  0.005  inches.  Water  was  also  used  for 
visual  testing  of  cone  angles  in  later  tests  of  diffuser  inserts  for  the  test 
section.  This  type  of  testing  was  continued  throughout  the  period  during  which 
the  fluid  injector  was  used.  As  will  be  seen,  different  burner-can  configura¬ 
tions  were  used  for  many  of  these  tests,  and  almost  all  major  alterations  in 
can  geometry  required  water  and/or  slurry  cold- flow  testing  for  adjustment  of 
the  resulting  flow  patterns. 

Other  check-out  tests  with  the  dual  fluid  Injector  included  the 
determination  of  the  thrust  derived  from  injector  air  flow  (this  was  found 
to  be  negligible)  in  Test  39  and  a  combustion  test  with  JP-4  (no  boron)  in 
Test  35.  In  the  latter  test  the  JP-4  was  found  to  burn  at  about  55  per  cent 
efficiency  over  the  fuel-to-air  ratio  range  covered.  This  test  is  discussed 
in  detail  later  in  the  report. 


4.5.2  Test  Conditions 

The  inlet  air  conditions  (Mach  2.5  at  Sea  Level,  Cold  Day)  and 
duct  dimensions  used  in  these  tests  were  the  same  as  those  used  for  the 
particle  mill  tests.  Somewhat  higher  fuel-uo-air  ratios  were  achieved  with 
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the  dual-fluid  injector  than  with  the  particle  mill,  probably  because 
the  slurry  stream  was  protected  from  carrier  loss  until  it  had  passed 
through  the  limiting  resistance  of  the  flow  system  (the  possibility  of 
dilatancy  caused  by  propagation  or  carrier  loss  through  the  fuel 
supply  line  was  eliminated  in  the  dual-fluid  injector). 

In  most  of  the  combustion  t*ests  with  the  dual-fluid  injector 
the  injector  pressure  was  set  at  $00  psig  and  the  gap  spacing  was  0.005 
inch.  The  temperature  of  the  injector  air  was  the  ambient  condition. 

The  flow  rate  of  injector  air  at  these  conditions  was  about  0.05  lb. /sec. 
or  less  than  one  per  cent  of  the  total  air  supplied  at  test  conditions. 

I 

4.5.3  Test  Results 


Test  Nos.  16  through  22  are  described  separately  in  this 
section  in  order  to  indicate  the  different  burner  configurations 
used.  All  of  these  tests  were  performed  with  the  I965  "workhorse" 
formulation  of  73  per  cent  ball-milled  boron  (commercial  grade)  in 
gelled  JP-4.  The  dual-fluid  injector  was  used  to  atomize  the  slurry 
in  each  test . 


4. 5. 3.1  Test  Number  16 

The  burner  can  design  used  in  Test  lb  is  shown  in  Figure  52. 
The  air  distribution  was  designed  to  admit  5^  per  cunt  of  the  air  to 
the  burner  can.  The  remainder  of  the  air  passed  between  the  can  and 
the  duct  wall,  mixing  with  the  remaining  fuel,  combustion  products, 
etc.,  downstream  of  the  can. 

In  Test  16,  flame-holding  occurred  at  the  tip  of  the  injector, 
causing  a  burn-through  in  this  location.  This  resulted  in  loss  of  atom¬ 
ization  air  pressure  and,  consequently,  poor  atomization.  Analysis  of 
exhaust  samples  indicated  a  maximum  boron  combustion  efficiency  of 
about  seven  per  cent. 
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Figure  52.  Photograph  of  Firs;  Burner  Can  Designed  for  Use 

with  the  Dual-Fluic..  Slurry  Injector  in  Micro-Ramjet 
Combustion  Tests.  ' 
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4. 5. 3. 2  Test  Number  17 

Air  Inlet  ports  about  the  Injector  housing,  shown  in  Figure  y 3 • 
were  provided  for  the  burner  can  used  In  Test  Number  it;  In  order  to  pre- 
vent  further  burnthroughs  (to  prevent  recirculation  in  the  region  of  the 
injector  head).  However,  ignition  was  not  achieved  in  Test  Number  ly. 

4. 5. 3. 3  Test  Number  18 

* 

The  same  burner  can  configuration  used  in  Test  Number  ly, 
and  shown  on  Figure  53*  was  also  used  in  Test  Number  18.  The  hydrogen 
igniter  was  moved  to  a  central  location  in  the  can  to  insure  contact  of 
the  slurry  stream  with  the  hydrogen  flame.  Again,  however,  no  ignition 
was  scmeved. 

4. 3. 3. 4  Discussion  of  Test  Numbers  lfu.ll.>  IB 

The  poor  results  obtained  from  tests  16,  ly,  and  18  were 
clarified  by  the  following  analysis: 

(1)  Boron  dust  clouds  cannot  be  piloted  by  combustion  of 

vapor!-.  tJ  cav ,  >.r  since  the  carrier  itself  does  not  readily  ignite. 

This  had  also  been  illustrated  by  the  particle  mill  tests  in  which  a 
kerosene  spray  issuing  from  the  particle  mill  could  not  be  ignited  in 
the  micro-ramjt.h ,  but  a  dust  cloud  qf  atomized  boron  slurry  could  be 
ignited  fairly  easily. 

(2)  The  velocity  of  the  boron  particles  issuing  from  the 
dual-fluid  atomizer  was  too  high  for  ignition  by  the  hydrogen  (through 
heat  transfer)  to  occur. 

4. 5. 3. 5  Test-  Number  19 

In  Test  Number  19  a  burner  can  was  not  used.  The  slurry  was 
atomized  into  a  diffuser  tube  (l.y5inch  diameter  by  5-inches  long), 
shown  on  Figure  54,  and  the  particles  were  allowed  to  slow  down  before 
contacting  the  main  air  stream.  The  igniter  was  placed  at  the  exit  of 
the  diffuser  tube.  The  diffuser  tube  ended  at  the  viewing  port,  so 
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Figure  54.  End  View  of  Burner  and  Insert  Used  i 
Micro-Ramjet  Test  No.  19. 
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that  any  combustion  could  be  photographed.  No  attempt  at  flame  holding 
or  mixing  was  made. 

When  the  igniter  was  activated,  immediate  combustion  occurred, 
and  burning  obviously  occurred  throughout  the  entire  length  of  the  duct, 
through  the  exit  nozzle,  and  into  the  eductor  system.  The  graphical 
representation  of  combustion  efficiency  (based  on  thrust)  versus  fuel- 
to-alr  ratio  for  this  test  is  presented  on  Figure  55*  Although  the 
efficiency  achieved  was  only  about  25  per  cent,  the  combustion  effici¬ 
ency  was  fairly  constant  throughout  the  range  of  fuel*to-air  ratio 
covered.  Combustion  efficiencies  obtained  from  analysis  of  exhaust 
samples  were  very  erratic,  indicating  particle  sorting  due  to  the 
non-mixing  situation  near  the  center  of  the  stream.  Only  slight 
deposition  of  unburned  slurry  occurred  in  this  test,  as  shown  in 
Figure  56. 

4. 5. 3. 6  Test  Number  20 

This  test  was  essentially  a  repeat  of  Test  Number  19,  except 
that  only  a  fraction  of  the  injector  air  flow  rate  of  Test  19  was  used 
in  Test  20  (in  Test  19,  the  air  gap  widened  due  to  faulty  assembly  of 
the  injector,  so  that  an  unknown  amount  of  air  passed  through  the 
injector  and  down  the  diffuser  tube),  and  a  graphite  insert  was  used 
to  direct  the  flow  in  the  diffuser  tube.  Combustion  was  obtained  in 
Test  20,  but  it  was  erratic,  and  the  resulting  combustion  efficiencies 
were  somewhat  lower  than  in  Test  19-  These  results  indicated  that  the 
admittance  of  a  certain  amount  of  primary  air  to  the  diffuser  tube  would 
be  beneficial. 

•  4.5.3.?  Teat.  Nnmher  21 

The  diffuser  tube  was  pierced  so  that  a  small  amount  of 
primary  air  (roughly  about  3  per  cent)  could  enter  the  diffuser  tube 
for  mixture  with  the  slurry  dust  cloud.  A  modification  of  the  graphite 
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Figure  55.  Results  of  Micro-Ramjet  Test  No.  19  Determined  by  Thrust  Measurement. 
Combustion  of  Slurry  of  73  Per  Cent  Boron  in  JP-4  Under  Inlet  Air 
Conditions  of  Mach  2.5  at  Sea  Level,  Cold  Day.  Dual-Fluid  Injector  was 
•Used  with  No  Flame-Holder  or  Stream  Mixing  Aids.  Injector  Air  Pressure 
500  psig. 
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insert  used  in  Test  20  was  also  used  in  Test  21.  The  canbustion 
efficiencies  obtained  from  this  test  are  compared  on  Figure  57  with 
average  data  from  two  particle  mill  tests  with  the  same  type  of  Blurry. 
The  plots  for  the  two  types  of  burners  crossed,  and  the  combustion  effi¬ 
ciency  for  the  test  with  the  dual  fluid  injector  (with  no  flame  holding 
or  mixing)  was  slightly  higher  than  that  for  the  particle  mill  tests  at 
a  fuel-to-air  ratio  of  0.02.  The  dual-fluid  injector  also  allowed  oper¬ 
ation  at  an  f/a  of.  0.03,  which  could  not  be  achieved  with  the  particle 
mill  because  of  the  higher  pressure’drop  required  to  inject  the  slurry 
stream  into  the  hot -gas  environment  of  the  particle  mill. 

A  photograph  of  the  diffuser  tube  after  Test  21  is  shown  on 

Figure  58. 
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4. 5.3.8  Discussion  of  Test  Numbers  19,  20,  21 

The  results  of  these  tests  show  that,  under  certain  conditions, 
a  dust  of  horon  particles  is  extremely  reactive.  These  tests  also 
indicate  that  complicated  hardware  -for  flame  holding  may  not  be  necessary 
(and,  in  fact,  may  be  undesirable)  for  boron  slurry  combustion.  The 
burning  appeared  to  be  pseudo-gaseous  in  nature,  instead  of  the  combust¬ 
ion  of  individual  particles  observed  in  many  ambient  pressure  tests  and 
micro-ramjet  firings.  Such  pseudo-gaseous  combustion  can  occur  in  dusts 
of  small  solid  particles,  but  the  particle  size  of  boron  necessary  to 
permit  such  combustion  is  not  known. 

The  injector-diffuser  configuration  used  in  Tusts  I9,  20  and 
21  offer  extremely  low  burner  drags.  The  drag  coefficients  in  these 
tests  were  typically  about  0.8  to  0.9,  as  compared  to  burner  drag  co¬ 
efficients  of  5  to  7  for  the  particle  mill-burner  can  combination. 
Increased  mixing  will,  of  course,  increase  these  low  values. 

4.5. 3.9  Results  and  Discussion  of  Test  Nupber  22 

In  order  to  achieve  substantial  mixing  of  the  fuel-rich 
stream  and  the  main  air  stream,  four  right-angle  scoops  were  placed 
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Figure  57.  Results  of  Micro-Ramjet  Test  No.  21  Determined  by 
Thrust  Measurement.  Combustion  of  Slurry  of 
73  Per  Cent  Boron  in  JP-4  Under  Inlet  Air  Conditions 
of  Mach  2.5  at  Sea  Level,  Cold  Day.  Dual -Fluid 
Injector  was  Used  wi;h  No  Flame  Holder  or  Stream 
Mixing  Aids.  Injector  Air  Flow  Rate  was  0.05  lb/sec, 
and  Injector  Air  Pi  essure  was  500  psig. 
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Figure  58.  Photograph  of  Diffuser  Tube  After  Test  21 
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about  the  end  of  the  diffuser  tube.  The  purpose  of  these  scoops,  or 
air  diverters,  was  to  supply  air  to  the  center  of  the  fuel-rich  effluent 
from  the  diffuser,  thus  mixing  the  boron  particles  with  the  main  air 
stream  within  a  short  distance.  The  scoops  are  shown  on  Figure  59. 
which  was  taken  after  the  test. 

Although  fair  combustion  waB  achieved  in  Test  22,  especially 
at  the  lower  values  of  f/a,  the  combustion  efficiencies  appear  to  be 
lower  than  those  of  the  preceding  test  with  no  attempt  at  mixing.  (The 
data  are  presented  on  Figure  6q)  These  results  strongly  indicate  that 
the  slurry  flame  was  quenched  by  the  sudden  admixture  with  the  primary 
air  stream.  This  type  of  quenching,  which  has  been  discussed  previously 
with  regard  to  the  particle  mill-burner  can  configuration  uped  with 
the  micro-ramjet  engine,  appears  to  be  a  critical  factor  which  has  e 
very  significant  effect  on  the  ability  of  a  burner  to  attain  good 
slurry  combustion  performance.  Furthermore,  the  conditions  producing 
good  combustion  and  those  resulting  in  quenching  may  be  fairiy  similar. 
In  this  case,  the  particle  size  of  the  atomized  slurry  would  be  expected 
to  become  the  critical  parameter  in  obtaining  complete  combustion. 

The  quenching  hypothesized  as  having  occurred  in  Test  22 
could  not  be  expected  to  occur  for  the  same  mixing  conditions  for 
different  types  of  slurries.  This  could  partially  explain  the  discrim¬ 
ination  between  fuels  exhibited  by  the  particle  mill-Marquardt  8A 
burner  can  combination  (in  which  mixing  conditions  are  fixed)  in 
previous  testing. 


4.5.3.10  Tests  23  through  29 

A  summary  of  Tests  23  through  29  is  presented  on  Table  XXIX. 
Photographs  of  the  test  sections  used  in  these  tests  are  presented  in 
the  figures  noted  in  Table  XXIX.  Combustion  efficiency  data  tor  tests 
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Figure  59.  Diffusor  Tubo  for  Boron  Slurry  Combust ion 
Aflor  Mu  ro-Ramjot  Tost  No.  22. 
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Figure  60.  Plot  of  Combustion  Efficiency  Versus 
Fuel-to-Air  Ratio  for  Boron  Slurry 
Test  No.  22  in  the  3.5-inch  Micro- 
Ramjet.  Inlet  Conditions  were 
Mach  2.5,  Sea  Level,  Cold  Day.  Fuel 
was  73  Per  Cent  Boron  in  JP-4 
(1965  Workhorse).  In  this  Test 
Efficient  Mixing  Occurred  Downstream 
of  the  Diffuser  Tube. 
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TABLE  XXIX 


SUMMARY  OF  3.5-INCH  MICRO-RAMJET  COMBUSTION  TESTS  23  THROUGH  2[) 

WITH  BORON  SLURRIES.  INLET  CONDITIONS  MACH  2.5  AT  SEA  LEVEL,  COLD  DAY 
FUEL  INJECTION  BY  DUAL-FLUID  ATOMIZER,  INJECTOR  AIR  PRESSURE  500  PSIG. 


V 


* 


Test 

No.  Fuel 

23  73#  ball -mi lied 

commercial  boron 
in  gelled  JP-4 


2k  Same  as  23 


25  Same  as  23 


26  70#  ball -mi lied 

ultra-fine,  high 
purity  boron  in 
ungelled  JP-4 


Burner 

Configuration 

Vortex  generator  added 
around  periphery  of 
shrouded  diffuser  tube 
(Figure  £1) 

Increased  primary  air 
through  diffuser  tube 


Comments 

Combustion  fair,  but 
not  sustained  at 
higher  f/a 


No  combustion 


Fair  combustion  up 

to  0.025  f/a 


Good  combustion  up 
to  0.025  f/a 


Fair  combustion  up 

to  0,030  f/a 


27  75#  ball-milled  Same  as  2j 

submicron  boron  in 
ungelled  JP-4 


Shortened  diffuser 
insert  to  provide  better 
flame  holding  (Figure  62) 

Same  as  25 


23  80 1#  ball-milled  Same  as  25 

commercial  boron  in 
methyl -isobutyl 
ketone 


No  sustained  ignition; 
fuel  dilated  at 
f/a  of  0.01 


22  BO#  ball-milled 
commercial  boron 
in  gelled  JP-4 


Diffuser  ring  added  to 
shroud  to  slow  down  air 
in  combistion  region 


No  sustained  ignitio 
could  not  hold  atomi 
zation  air  pressure, 
fuel  dilated 
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£3  and  25  are  presented  in  Figure  63. 

Combustion  efficiency  data  for  Tests  2 6  and  2"f  (with  ultra- 
fine  and  submicron  boron,  respectively)  are  compared  with  the  data  from 
Test  21  for  commercial-grade  (—lp,  diameter)  boron  on  Figure  64.  These 
results  indicate  that  the  ultra-fine,  high  purity  boron  slurry  delivered 
a  much  higher  combustion  efficiency  than  the  commercial  boron  slurry. 

The  poor  showing  of  the  submicron  boron  was  undoubtedly  due  to  large, 
tightly-held  agglomerates  formed  during  ball-milling.  These  agglomerates 
were  noted  in  the  exhaust  samples  from  both  the  particle  mill  test 
(Test  6)  and  the  dual-fluid  injection  test  (Test  27)  with  this  slurry. 

In  Tests  28  and  29,  rheological  problems  prevented  the  80  per 
cent  loaded  slurries  in  methyl-isobutyl  ketone  and  gelled  isooctane, 
respectively,  from  being  combusted.  These  problems  were  at  least 
partially  caused  by  the  very  cold  ambient  conditions  at  the  time  of 
testing. 
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Figure  63.  Results  of  Micro- Ramjet  Tests  23  and  25  with 
Fuel  of  73  Per  Cent  Boron  in  JP-4.  Inlet 
Conditions  Mach  2.5,  Sea  Level,  Cold  Day. 
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Figure  64.  Comparison  of  Thrust- Based  Combustion  Test  Results  with 
Slurries  of  Three  Types  of  Boron  in  3.5-Ineh  Micro-Ramjet 
Test  Engine  Equipped  with  Dual-Fluid  Atomization.  Inlet 
Conditions  -  Mac  h  2.5,  Sea  Level,' Cold  Day.  Injection  Air 
Pressure  500  psig. 
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4.5.3.11  Tests  30  through  34 

An  injector,  air  leak  was  found  after  Test  3^>  which  rendered 
the  results  from  Tests  30  through  3^  invalid.  The  quality  of  the  com¬ 
bustion  in  all  of  Lhese  tests  (which  utilized  various  slurries)  was 
poor,  indicating  that  the  poor  atomization  resulting  from  air  leak  lor 
this  series  strongly  influenced  the  combustion  properties. 

In  Test  34  a  slurry  of  8u  per  cent  boron  in  isooctaue  was 
used,  hut  very  little  flow  was  obtained  before  the  rheological  prop¬ 
erties  of  the  slurry  caused  rupture  of  the  blow-out  disc  on  the  ram. 

As  a  result  of  this  failure  and  the  other  problems  encountered  with 
slurries  of  80  per  cent  solids  (Tests  28  and  2(j),  it  was  decided  that 
no  more  slurries  at  solids  loadings  above  75  Per  cent  would  be  tested 
under  this  program. 

4.5.3.12  Test  No.  35 

The  fuel  used  in  Test  No.  35  was  JP-4  without  boron  or 
gellant.  The  diffuser  used,  shown  on  Figures  65  and  60,  included  a 
diffuser  ring  about  the  shroud  to  reduce  the  amount  of  air  entering 
the  combustion  process  at  the  end  of  the  primary  diffuser.  The  insert 
of  the  primary  diffuser  was  also  shorter  than  those  used  previously,  so 
that  Initial  flame,  stabilization  could  occur  upstream  of  the  primary 
diffuser  exit . 

As  shown  by  Figure  67,  the  performance  of  the  neat  .JP-4  (in 
terms  of  combustion  efficiency)  over  the  range  of  f/a  was  similar  to 
that  of  the  high  purity,  ultra-fine  boron  slurry  (see  Figure  t»4 ) ,  except 
that  the  combustion  efficiency  of  the  neat  JP-4  increased  sanewhat  as  f/a 
increased  whereas  the  slurry  performance  was  reduced  as  f/a  increased. 
These  results  indicate  that,  for  the  dual-fluid  injector  as  well  as  the 
particle  mill  injector  configurations,  the  slurry  carrier  burns  witn 
about  the  same  combustion  efficiency  as  the  boron  does. 
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P'igure  67.  Results  of  Micro-Ramjet  Test  No.  35,  Using 
Neat  JP-4  as  the  Fuel.  Inlet  Conditions 
Mach  2.5,  Sea  Level,  Cold  Day.  Dual- Fluid 
Injector  Air  Pressure  500  psic.. 
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Thu  fuel-to-air  ratios  of  about  and  O.'ii  represent  the 

lean  and  rich  limits  (respectively)  of  .3 P-4  combustion  in  the  micro- 
ramjet  under  the  condit  ions  used  in-  Test  35- 

4.5.3.13  Tests  36  through  40 

Tests  3'-  through  40  compared  the  combust  ion  performance  of 
various  isopropanol -based  boron  slurries.  Solids  loadings  of  50  to  j'5 
per  cent  were  used.  The  diffuser  tube  used  in  these  tests  was  that 
shown  in  Figure  65  and  06,  except  that  the  metal  fins  at  the  rear  of 
the  shroud  (used  to  provide  a  rotational  moment  to  the  primary  fuel-sir 
mixture)  were  removed. 

Slurry  formulations  used  in  these  tests  and  general  results 
are  presented  in  Table  XXX.  Combustion  efficiencies  from  Tests  3?  and 
l'(j  are  plotted  as  a  function  of  fuel-to-nir  ratio  on  Figure  u:;, 

The  combustion  in  all  of  the  combustion  tests  in  this  series 
was  very  ragged,  with  sudden  bursts  of  exhaust  flame  alternating  with 
partially  burned  exhaust.  It  is  believed  that  the  conditions  set  by  the 
diffuser  were  not  conducive  to  good  combustion  of  these  slurries.  This 
is  also  indicated  by  the  significant  peaking  in  combustion  efficiency  at 
a  fuel-to-air  ratio  of  about  0.0075  on  Figure  u8 . 

The  flow  problem  of  test  36  was  due  to  the  extremely  cold 
(15°F)  ambient  condition.  In  subsequent  tests  this  difficulty  was 
overcome  by  applying  heat  (up  to  lfecPF)  to  the  slurry  feed  line  and 
the  ram  body.  This  procedure  allowed  very  high  flow  rates  to  be  attained. 

4.5.4  Discussion  of  Combustion  Test  Results  with  Dual-Fluid 
Injection 

4.5*4. 1  General  Discussion 

The  most  important  results  obtained  from  the  tests  using  the 
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dual-fluid  injector  are  summarized  as  follows: 

(1)  For  efficiently  atomized  slurries  of  boron,  the 

elemental  particle  size  showed  the  strongest  influ¬ 
ence  on  combustion  efficiency  of  any  formulation 
variable  tested, 

(if)  Combustion  of  boron  dust  clouds  appears  to  be  fairly 
sensitive  to  local  mixture  ratios,  and  quenching  of 
the  boron  flame  (either  by  a  sudden  change  In  mixture 
ratio  or  by  removal  of  an  ignition  source)  .an  be 
easily  effected. 

(3)  In  a  finely  atomized  state,  boron  dust  clouds  will 
burn  almost  as  completely  as  will  atomized  JP-4, 
for  the  conditions  used  in  the  micro-ramjet  tests. 

Wo  relative  ranking  of  all  of  the  slurries  tested  with  the 
dual-fluid  injector  can  be  made,  but  the  comparison  of  three  formulations 
(commercial  grade,  submicron,  and  ultra-fine  types  of  boron)  on  Figure 
64  appears  to  be  valid,  even  though  slightly  different  diffuser  designs 
were  employed. 

Exhaust  product  sampling  produced  results  in  agreement  with 
thrust -derived  values  for  some  tests  (Test  23,  Figure  6j),  but  not  in 
others  (Test  25,  Figure  63).  Since  the  chemical  values  of  combustion 
efficiency  generally  tended  to  be  lower  than  thrust -derived  values,  it 
is  believed  that  the  sampler  head  was  positioned  in  a  fuel-rich  central 
core  of  the  flow-stream  for  these  tests. 

Slurry  buildup  was  much  less  severe  with  the  dual-fluid 
injector  than  with  the  particle  mill,  and  no  burnthroughs  of  the  dif¬ 
fuser  tubes  occurred.  Typical  values  of  burner  drag  coefficient  were 
unity  for  the  dual-fluid  injector  plus  diffuser  and  y  to  for  the 
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particle  ml  I  1 -burner  can  combination  of  Tests  l  through  1.. 

4. 5.4.2  Particle  Si2c  Effects 

The  effect  of  primary  boron  particle  sire  on  combustion  per¬ 
formance  between  tests  21,  2:0  and  27  correlates  well  with  observations 
of  the  relative  particle  sizes  collected  in  the  exhaust  samples  for 
these  three  types  of  boron.  For  the  ultra-fine,  high  purity  boron, 
which  exhibited  the  best  combustion  performance,  the  particles  in  the 
exhaust  samples  required  twelve  hours  or  more  to  agglomerate  and  settle 
to  the  bottom.  It  appeared  that  some  of  the  particles  were  permanently 
suspended  in  the  water.  For  the  slurry  of  commercial  grade  boron,  the 
particles  agglomerated  and  settled  to  the  bottom  within  two  hours  after 
collection.  Photomicrographs  of  these  particles  before  agglomeration 
(on  a  slide  prepared  within  lp  minutes  after  collection)  indicated 
that  all  of  the  particles  collected  were  one  micron  or  less  in  diameter 
These  particles,  shown  on  Figure  C:j,  agglomerated  into  loose  chains 
of  particles  which  resemble  single  particles  of  very  high  surface  area 
In  the  photographs. 

The  submicron  boron  s lurry  produced  large  agglomerates,  up  to 
1/32-inch  in  diameter,  in  the  exhaust  samples.  These  agglomerates 
settled  out  immediately,  and  the  remainder  of  the  boron  particles  in 
the  samples  required  several  days  to  settle  out  completely.  The  prertn 
of  the  large  agglomerates  appears  to  be  the  reason  for  the  relatively 
poor  performance  of  slurries  made  with  this  type  of  boron.  As  vur 
mentioned  previously,  the  large  agglomerates  present  in  the.  slurries 
made  with  submicron  boron  must  have  resulted  from  the  ha  1  i-nu.  lling 
process,  hut  there  is  no  explanation  for  the  inability  to  completely 
disintegrate  this  type  of  boron  ii.to  primary  particles,  since  this  was 
obviously  accomplished  with  the  bull-milled  commercial  grade  boron. 

The  absence  of  any  boron  particles  above  one  micron  in  diumci 
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Figure  69.  Photomicrographs  of  Boron 

Particles  Collected  in  Exhaust 
Samples  During  Combustion  of 
a  Slurry  of  73  Per  Cent  Ball- 
Milled,  Commercial  Grade 
Boron  in  JP-4  (Test  No.  23) 
in  the  3.5-inch  Micro-Ramjet 
with  Dual- Fluid  Injection 
(Injector  Pressure  500  psig). 
Scale  on  the  Photographs  - 
1.08  Microns  per  Small  Division 
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in  the  exhaust  stream  of  a  slurry  containing  ball -mi  Lied  commercial, 
grade  boron  which  is  burning  at  30  co  !?0  per  cent  combustion  efficiency 
suggests  the  hypothesis  that  considerable  atomization  of  agglomerated 
pan  icles  can  occur  in  the  combustion  zone.  If  this  were:  correct ,  then 
i he  primary  method  of  slurry  atomization  may  not  he  as  important  to 
elf  iei.ent  combustion  of  boron  slurries  as  had  been  expected.  The  mech¬ 
anism  of  this  'secondary'1  atomization  (breakup  of  agglomerated  pari  i.e  Us ) 
in  the  combustion  zone  could  involve  melting  or  vaporization  nl.  tin 
material  causing  particle  adhesion,  which  is  believed  to  be  oxides  o£ 
boron,  water,  and  other  impurities. 
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5.0  BORON  SLURRY  TRADE-OFF  CRITERIA 

5 . 1  COMBUSTION  PERFORMANCE 


Fuel  properties  which  may  he  expected  to  directly  a  Elect  combustion 
periormaneu  include  type  of  carrier,  solids  loadiu;',,  type  ol  boron  and  boron 
processing  used,  type  and  concentration  of  wetting  agent,  type  and  concentrat¬ 
ion  ol.  gallant,  rheological  properties,  and  the  type  and  comentral  i on  oi  ad¬ 
ditives  for  enhancing  ignition  or  combustion.  Various  aspects  of  the 

combustion  process,  such  as  optimum  air  distribution  (optimum  burner  can 

* 

design),  provisions  for  flame  holding,  optimum  L  ,  and  a tomi nation  efficiency 
may  also  bo  affected  by  one  or  more  of  the  above  formulation  factors. 

The  determination  of  trade-offs  between  slurry  properties  and  com¬ 
bustion  performance  is  a  complicated  and  difficult  procedure.  To  date, 
combustion  testing  has  included  only  a  few  fuel  formulations  tested  with  a 
restricted  range  of  burner  geometries  and  methods  of  atomisation,  and  from 
these  tests  very  little  information  pertaining  to  the  various  trade-offs  be¬ 
tween  fuel  properties  and  combustion  is  available. 

Most  of  the  effects  of  formulation  variables  on  combustion  appear 
to  have  been  masked  in  the  ramjet  :ests  made  to  date  with  slurry  fuels, 
although  the  following  trends  have’ been  noted: 


(1)  The  smaller  the  boron  particles  in  the  slurry,  the  more 
complete  is  the  combustion; 

(2)  Increased  carrier  volatility  appears  to  improve  slurry 
combustion; 

(3)  The  none  of  most  intense  reaction  in  the  burner  appears 
to  have  an  equivalence  ratio  near  unity;  for  "more 
active"  (in  the  ambient  pressure  combustor)  slurries, 
the  reaction  appears  to  be  more  sensitive  to  loi.al 
mixture  ratios  than  other  slurries. 


injector) 


The  use  ol  a  more  efficient  atominer  (i.e..  the  dual-tluid 

was  expected  to  relieve  some  oi  the  mask  in;',  ol  lonnulai  ion  elicits 
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which  are  believed  to  occur  with  the  particle  mill  system.  However,  it 
appears  that  the  trends  listed  above,  except  for  the  carrier  volatility 
effect,  apply  to  the  dual-fluid  injector  as  well. 

Of  the  slurry  formulations  In  the  solids- load j.ng  range  oil  70  to 
V'5  per  cent  tested  in  this  program  the  most  promising  are  73  per  cent  ball- 
milled  boron  in  isopropanol,  and  70  per  cent  (ball-mi  1  led)  high  purity, 
ultra- line  boron  Ln  ungelled  JP-4.  The  formulation  wi.tli  ultra- fine  boron 
can  be  eliminated  at  present  because  of  a  higher  relative  cosL  anti  negligible 
enhancement  of  combustibility  with  particle  mill  a  fornication;  but  it:  should 
ne  considered  in  the  future  if  more  efficient  methods  of  atomization  arc 
developed.  Slurries  containing  8&>  per  cent  solids  possess  undesirable 
rheological  properties  at  high  shear  rates  and/or  low  temperatures ,  and 
slurries  containing  65  or  less  per  cent  solids  are  unattractive  because 
of  their  lower  theoretical  volumetric  heat  releases. 

5.2  TRADE-OFF  AREAS  INVOLVING  CARRIER  TYPE 

Four  types  of  carriers  have  evolved  as  the  most  promising,  based 
on  micro-ramjet  and  ambient  pressure  combustion  tests  and  data  on  available 
solids  loadings  at  low  viscosities.  The  four  (JP-4,  isopropanol,  isooetanc  , 
and  methyl  Isobutyl  ketone)  all  are  volatile  liquids  which  are  readily 
available  at  low  cost  and  present  no  significant  toxicity  or  compatibility 
problems . 

For  a  given  solids  loading,  the  type  of  carrier  used  is  expected 
to  affect  rheology,  storage  stability,  and  combustion  performance.  Thus 
far ,  however,  significant  differences  in  combustion  performance  among 
slurries  containing  various  carriers  have. not  been  established.  In  terms 
of  storage  stability  of  the  slurr-ies,  isooctane  appears  to  be  a  poor 
candidate.  Even  slurries  loaded  to  85  weight  per  cent  solids  in  gelled 
isooctane  have  exhibited  separation  after  a  few  weeks  of  shelf  storage.  The 
reasons  for  this  instability  are  probably  the  low  density  of  the  liquid  and 
the  relative  compactness  of  the  me  lecule  (leadin',  to  poor  interact. on  w:tn 
wetting  agents  and  ge Hants).  Isc|Octane  is  also  the  most  volatile  o :  the 
four  candidates,  and,  because  of  this,  requires  extreme  care  in  io emulation 
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and  storage  to  insure  the  desired  solids  loading.  Another  poicnti.il  problem 
with  i 3ooctane  is  the  tendency  of  highly  loaded  iaoot  tauc-based  slurries  to 
become  dilatant  at  shear  rates  lower  than  those  tor  other  types  01  formulat¬ 
ions  . 

Methylisobutyl  hetone  (MIBK)  offers  high  solids  loadings  in  a 
solvated  system  (no  ge llant  required),  but  MIBK- based  slurries  appear  to 
be  relatively  unstable  at  solids  loadings  below  about  8<i  per  cent .  Com¬ 
bustion  costing,  of  MIBK-bascd  slurries  in  the  micro-ramjet  have.  not.  been 
successful,  but  these  slurries  appeared  promising;  on  the  basis  of  results 
obtained  with  the  ambient  pressure  burner. 

Isopropanol  and  JP-4  have  been  the  carriers  oi  greatest  interest 
during;  the  past  several  years.  JP-4  requires  a  Reliant  for  slurry  storage 
stability,  whereas  isopropanol  does  not.  In  this  program,  slurries  made 
with  these  two  carriers  exhibited  very  similar  combustion  performance  in 
the  micro-ramjet  test  engine  equipped  with  a  particle  mill  injector. 

Three  of  the  four  carriers  are  compared  on  the  basis  of  theoretical 
volumetric  heating  value  on  Figure  70.  Slurries  made  with  MIBK  carrier 
would  produce  volumetric  heating  values  between  those  for  isopropanol  and 
JP-4.  The  curve  for  the  high-purity  boron  in  JP-4  represents  the  limit  of 
volumetric  heating  value  improvement  available  through  the  use  of  a  pure 
boron  powder. 

On  the  basis  of  Figure  ’’0,  there  are  no  significant  differences 
among  the  heating  values  for  slurries  formulated  with  the  various  carriers 
at  a  given  solids  loading  which  coyld  not  be  compensated  for  by  either  a 
slight  enhancement  of  combustion  efficiency  or  the  improvement  o.  some 
other  critical  property.  The  difference  between  the  lowest  heating  value 
(for  isooctane)  and  the  highest  (for  JP-4)  is  less  than  five  per  cent  at 
all  of  the  solids  loadings  shown  on  Figure  70. 

Most  of  the  comparisons  made  in  subsequent  paragraphs  of  this 
report  will  be  between  JP-4-based  slurries  and  isopropanol-based  slurries. 
These  two  general  formulations  not  only  represent  the  two  general  types  of 
slurries  available  (gelled  systems  and  solvated  systems,  respectively), 
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Figure  70.  Theoretical  Volumetric  Heat  Release  Versus 
Solids  Loadings  for  Slurries  of  Boron  in  Three 
Carriers  at  70 ’F  (Heating  Value  of  Commercial 

Boron  3.5  x  1Q^  Btu/cu.  ft.,  All  of  Liquid  Phase 
Assumed  to  be  Carrier). 
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but  they  arc  also  considered  much  more  promising  on  an  overall  basis  than 
the  other  two  candidates. 

5.3  TRADE-OFFS  INVOLVING  SOLIDS  LOADING 

A  solids  loading  of  73  to  75  per  cent  has  been  usod  tor  most  boron 
slurry  work  to  date.  Typical  values  of  Btu/Cu.Ft.  tor  JP-4  anti  slurries  of 
73  per  cent  conrnercial  boron  in  JP-4  and  isopropanol  are  as  follows  (volu¬ 
metric  heating  values  Cor  other  solids  loadings  can  be  determined  from 


Figure  70) : 

% 

Btu/Cu.Ft.  x  10‘G 

Relative 

Fuel 

i  ^  0 

at  70  F 

Figure  of  Merit 

JP-4 

0.87 

1 .00 

73%  boron  in  JP-4 

2.09 

2 . 40 

73%  boron  in  isoproparol 

2.01 

2.31 

Although  a  solids  loading  of  about  73  per  cent  pronably  represents 
a  minimum  desirable  value,  a  lower  limit  on  solids  loading  cannot  no  establish 
ed  at  present  because  of  possible  '.onflicts  with  rheological  and  combustion 
performance  considerations  at  low  temperatures.  If  low  viscosities  at 
temperatures  in  the  region  of  -65°F  are  mandatory,  then  the  optimum  solids 
loadings  will  shift  toward  lower  values  for  either  type  of  slurry.  It  is 
possible  that  the  effects  of  such  low  temperatures  on  slurry  atomisation  and 
subsequent  combustion  will  be  important,  in  addition  to  their  effect  on 
slurry  transfer,  L 

A  solids  loading  of  80  p< r  cent  appears  to  be  a  reasonable  maximum 
since  It  is  at  approximately  this  loading  (with  ball-milled  boron)  that  di  la¬ 
tent  tendencies  begin  to  appear  in  hydrocarbon-based  slurries.  For  the 
isopropanol-based  slurries,  a  loading  of  80  per  cent  solids  appears  to  L-e 
the  maximum  attainable  at  reasonable  viscosities,  regardless  of  whether 
ball-milled  boron  or  a  bimodal  mixture  of  washed  boron  powders  is  used. 
However,  for  either  general  type  of  slurry,  improved  particle  sire  distribut¬ 
ions  must  be  available  in  order  to  meet  low-temperature  rheological  specifi¬ 
cations,  at  80  per  cent  solids. 
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In  general,  murage  stability  l«  enhanced  by  ii»  lenneil  s* » t  i *lt; 
loading,  tor  either  type  ot  slurry  (JP-4  or  1  suprop.imil  carriei),  i  tit  im 
Imt h  types  suflii. iont  stability  over  a  twycar  storage  period  appears 
to  i>e  available  tor  the  range  of  73  to  80  per  tent  solids.  bower  load i 
could  probably  product;  stable  formulaLiona  il  dost;  control  m  pro¬ 

cessing  and  formulation  variables  could  bo  maintained. 

3 .  4  KHEOLOGICAL  FACTORS 

Desirable  properties  for  boron  slurry  fuelj^  include  the  lol lowing 
three  rheological  factors: 

(1)  A  yield  stress  high  enough  to  enhance  storage  stability 
but  not  large  enough  to  interfere  with  pump  start  up  or 
other  transfer  system  behavior; 

(2)  Pseudo-plastic  or  Newtonian  behavior  over  a  shear  rate 
range  of  30  sec  *  to  about  100,000  sec  ; 

(3)  Minimum  apparent  viscosity  over  the  entire  shear  rate 
range . 

A  fourth  property,  that  of  minimum  increase  in  viscosity  as 
temperature  is  decreased,  may  also  prove  to  be  desirable  due  to  the  goal 
of  400  poise  maximum  apparent  viscosity  at  a  shear  rate  of  LOO  sec  and 
a  temperature  of  -63°F. 

Gelled  slurries  (those  with  hydrocarbon  carriers  such  as  JP— 
or  isooctane)  at  solids  loadings  approaching  SO  per  cent  generally  exhibit 
pseudo-plasticity  (viscosity  decreasing  with  increasing  shear  rate)  over 
a  portion  of  the  shear  rate  range  and  become  dilatant  (viscosity  increas¬ 
ing  with  increasing  shear  rate)  at  some  value  of  shear  rate  which  is  depend 
ent  on  the  solids  loading  and  the  temperature.  Solvated  slurries  (those 
with  polar  carriers  such  as  isopropanol  or  MIBK)  have,  tlius  far,  shown  no 
tendency  toward  dilatancy  over  the  shear  rate  range  covered  hy  our  capil¬ 
lary  viscomctry  work  (up  to  40,000  sec  ^) . 

Low  temperature  rheology  data  for  two  "standard"  formulations, 
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V3  pot  cent  ball -ml  lied  boron  In  JP»4  (4  per  cent  gcllanf),  and  75  per 
cent  ball-milled  boron  In  iaopropanol,  lndi  alt  th.it  tin*  effect  of 
temperature  on  viscosity  is  severe.  Representative  viscosity  data  at 
- G !i ° l*‘  lor  these  slurries,  both  ol  which  appear  to  ln>  shell  -storable  with¬ 
out  separation,  is  shown  or.  Table  XXXI. 

Slurries  of  both  general  types  contain  ini*  >10  pin  cent  solids 
appear  iror.cn  at.  -65°F.  The  values  of  viscosity  at  low  temperatures  may 
be  improved  by  various  methods.  For  the  JP-4-based  slurry  at  Vi  per  ..ent 
solids,  a  more  effective  gcllant  requiring  only  about  0.25  per  cent  oi‘ 
the  total  by  weight  may  be  available,  and  for  the  isopropanol -based  slurry, 
removal  of  surface  water  may  result  in  lower  viscosities  with  no  sacrifice 
in  other  rheological  properties  or  storage  stability. 

The  effects  of  slurry  rheological  properties  on  atomisation  and 
combustion  are  not  known,  and  are  expected  to  vary  with  different  methods 
of  atomization,  It  is  expected  that  different  rheological  properties  of 
various  slurries  will  affect  the  efficiency  of  the  atomiser.  Dilatant 
slurries,  lor  example,  might  be  expected  to  result  in  a  greater  atom! nat¬ 
ion  efficiency  in  Che  particle  mill,  therefore  producing  smaller  particles 
i.n  the  flame  zone  and  thereby  enhancing  combustion  efficiency.  Effects 
of  the  requirements  of  fuel  expulsion  and  pumping  on  rheological  criteria 
can  be  defined  to  a  certain  exten:,  and  are  still  under  study.  It  is 
believed  that  the  criterion  of  4(0  poise  viscosity  (or  less)  under  the 
worst  temperature  conditions  is  reasonable  for  centrifugal  pumps,  hut. 
may  be  more  stringent  than  necessary  for  simple  transfer  up  to  the  pump. 

It  may  not  be  necessary  that  the  storage  temperature  and  die  temperature 
of  the  slurry  in  the  pump  (or  at  the  atomiser)  be  the  same,  since  an 
abundance  of  heat  could  be  made  available  from  the  boost  phase  of  a  pro¬ 
jected  missile  for  increasing  the  slurry  temperature  in  transit  by  the 
time  the  ramjet  phase  is  initiate).  Preliminary  calculations  have  i.ndi- 

O 

cated  that  the  slurry  temperature  could  be  raised  by  as  much  as  150  K 
between  the  storage  area  and  the  injector  through  the  use  oi  standard 
methods  (such  as  finning  the  transfer  tube)  to  increase  the  heat  transfer 
rate. 
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737.  Bo  11 -Milled  50  -  100  10  -  30  ‘-  5 ,000 

Boron  In  JP-4 
(0.1)9%  r-ellant) 

757,  Ball-Milled  150  -  200  .  10  -  20  -',,000 

Boron  in  Isopro¬ 
panol 


% 
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iHwri-  .1  ceul  r  i  I'uiyi  l  pump  is  usud ,  it  in  nereai  ii  y  to  retain 
iHiudo-p  last  I  tj  hi  Mewt.witl.on  character  isl  U »  ni  tin-  slnny  up  i.»  lauly  high 
(ihfUi  atfs,  on  ihe  m  ik‘i‘  o.  100,000  sir  ,  In  insure  proper  |  •  t  imp  npi'inl.  :iiu, 
tint i do  of  Hit  pump  the  shear  rates  alumni  in  any  itaiirii.i  nyaliu  /ill 
probably  ho  lens  than  1  ,000  3ec  and  di  lat.ni  ,'  should  m.t  ho  a  pi  nhlntii 
if  .solids  loadings  are  kept  below  fiO  per  mat. 

!i .  !i  BUilON  PKOCKSSING 

Tlie  only  method  identified  to  date  mr  achieving  a  sol  ids  hudlng 
of  oO  per  rent  in  a  hydrocarbon  carrier  at  usable  viscosity  levels  is 
through  the  provision  of  a  particle  sice.  distribution  by  agglomernLin  < 
sin;, it  particles  or  commercial  boron.  Host  of  tne  work  in  this  area  has 

I 

Lnvol.ud  ball-mi  Hint;,  but  this  process  results  in  oxidation  oi  some  a- 
the  li-iron  ami  tin  formation  of  some  large  particles  which  probably  will 
no i  burn  t- f . i  Lontly.  Boron  slurries  of  73  per  tent  solids  in  hydrocarbon 

an  dors  have  been  prepared  both  by  "overload  dilution"  tlurin  ch<-  mixing 
(7) 

operation  and  through  breakin  •  up  oi  agglomerates  in  as-re  ,-ei  vod  onuMor- 

/U\ 

Lnl  boron  ("multimodal  milling")'  '  but  usable  slurries  p.ep/ut-d  hv  these 
methons  above  /3  per  cent  solids  have  not  been  reported. 

It  has  been  demonstrated  on  this  prop, ram  that  solids  loadings 
i.u  the  range  of  73  to  SO  per  cent  are  possible  for  i sopropuno i-based 
slurries  both  as  a  result  of  ball-milling  of  the  boron  and  from  blond  in.1, 
oi  bimodal  particle  size  distribution  of  isopropanoi-wasiied  boron  powders. 
Washing  and  drying,  followed  by  mixing  (with  either  carrier)  ,  has  not 
proved  successful  mostly  because  of  reproducibility  problems,  but  slurries 
made  by  this  method  have  shown  combustion  properties  similar  to  (or  butte, 
than,  tor  low  solids  loadings)  slurries  containing  ball-milled  boron. 

Neither  the  effect  of  washing  the  boron  to  remove  oxide  impurities 
nor  the  effect  ol  ball -mi 11 in;;  on  combustion  per formanco  of  the  slurries  is 
weJi  understood.  It  is  believed  that  these  efforts  have,  in  Liu  past,  hern 
masked  somewhat  by  inefficient  slurry  atomization.  Although  directly 
comparative  data  arc  few,  the  data  that  are  available  have  suggested  that 
ali  slurries  of  the  same  general  composition  (same  carrier  and  same  solids 
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io.'din;,)  will  luitorm  aii’ilarly  in  a  ramjet  ru.  u.t  . 

'>.<>  STABILITY  CtttffiHlA 

'i . 6 . 1  Hydrocarbon-Baaed  (Called)  Systems 

:>to  i  nyc  stability  for  two  yeais  is  a  ft  .*«  It  t coni remt nt  ;<n 

liotiiii  slurry  fuels,  It  has  been  demonstrated  that  shell  Iia:i;  ni  iwu  m 
mote  yearn  arc  possible  with  both  gelled  slurries  (Jl'-A  runlet)  ami 
:io  I  vc.  Led  systems  (isoprupaim  L  carrier).  The  iuoprop.ino  I -based  nliiii  low 
are  generally  more  stable  than  the  gelled  systems  ut  coni|i<irah le  iw.idings, 
proi>ai  ly  because  u f  the  wetting  agent-  vl  interaction!!  which  can  o  cur  in 
hydro  arbon-basod  slurries.  This  type  or  interaction  is  demons tt a  ted  by 
the  addition  of  wetting  agent  to  the  gel  (prior  to  mixing),  which  rumple  bet 
destroys  tiic  ;,tl  structure.  Addition  or  boron  to  the  go  1 lant-wott  hip  agent 
solution  removes  a  portion  of  the  wetting  a pent  to  the  sur<a  e  of  the  boron 
and  thus  allows  some  pel  reformation.  Gel  reformation  is  the  sour  e  ol  me 
yield  stress,  stability  to  settling,  and  pseudo-plastic  rheoio.  icn  i  bcha.’io 
oi  t he  hydrocarbon-based  slurriesl 

Once  the  wetting  agent  concentration  is  set  (usually  at  aouut: 
three  per  cent  uf  the  solids  concentration),  the  apparent  vis  resit./  (and 
other  rhcolocii.nl  properties)  and  the  stability  o  the  slurry  formulation 
are  determined  largely  by  the  type  and  concentration  of  the  el  lane,  A 
typical  example  oi  a  trade-off  of  stability  to  centrifugal i on  versus 
apparent  viscosity  at  various  temperatures,  based  on  the  variation  o 
gcllant  concentration  over  what  is  considered  a  practical  range,  was  pre¬ 
sented  for  a  "standard"  slurry  formulation  in  Table  II.  It  has  been  found 
that  slurries  which  show  separation  of  less  than  about  four  per  cent  in 
the  centriiuge  test  (at  750  "g"  for  2A  hours)  will  be  stable  to  separation 
in  shelf  storage  for  long  periods  of  time.  If  tiie  type  or  concentration 
of  wetting  agent  were  varied  from  that  used  for  the  slurries  described 
on  Tabic  II,  a  new  set  of  numbers  would  apply,  tending  towards  higher 
viscosities  (and,  generally,  greater  stability)  regardless  of  whether 
the  concentration  was  increased  o:  decreased  or  what  new  typo  oi  welling 
agent  was  used. 
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I.L  has  been  found  from  experience  in  mixing  la;  ge  hatches  of 
hydrocarbon-based  slurries  (up  to  430  pounds  per  batch)  that  neither  the 
shear  stress-shear  rate  curve  nor  the  storage  stability  of  a  given  gelled 
formulation  can  be  closely  reproduced.  The  primary  reason  for  the  diffi¬ 
culties  encountered  in  reproducibility  appears  to  be  inconsistency  in  the 
results  obtained  from  ball-milling  of  the  boron  prior  to  formulation  in 
the  mixer.  The  effects  of  ba 1 1 -mil ling  vary  somewhat  with  the  moisture 
content  ot  the  powder,  the  amount  of  oxidized  material  present,  and  the 
cleanliness  of  the  mill  and  its  charge  of  balls.  Of  course,  the  milling 
effect  is  a  strong  function  of  the  milling  time  and  total  charge ,  but 
these  can  be  reproduced  much  more  precisely  than  the  other  variables  assoc¬ 
iated  with  the  process.  The  use, of  ball-milling  or  any  other  type  oi 
processing  to  achieve  high  solids  loadings  at  low  viscosities  in  a  boron 
slurry  through  agglomeration  of  primary  particles  is  considered  undesirable. 
Hot  only  are  these  processing  steps  very  difficult  to  control  and  reproduce, 
but  they  also  lead  to  larger  slurry  particles  during  subsequent  atomization. 

Mixing  procedure  is  also  believed  to  contribute  to  the  observed 
non-reproducibi.lity  of  boron  slurry  batches.  For  example,  addition  to 
the  batch  of  slightly  dried  slurry  from  the  blades  and  walls  or  the  mixer 
appears  to  result  in  "lumps"  in  the  slurry;  it  thus  appears  that  the 
gelled  slurries  cannot  be  homogenized  by  diffusion  processes  during  storage. 

Most  hydrocarbon-based  slurries  show  aging,  or  inn  eases  in  vis¬ 
cosity  with  time,  during,  storage.  The  major  portion  of  the  aging  process 
is  completed  within  a  few  days  after  slurry  manufacture.  It  is  for  this 
reason  that  apparent  viscosities  are  measured  after  the  slurries  have  been 
allowed  to  age  at  least  overnight.  According  to  our  present  knowledge, 
aging  is  caused  by  the  adsorption  of  wetting  agent  onto  the  porous  surface 
of  the  boron  during  storage,  resulting  in  the  formation  of  additional  gee 

structure  in  the  carrier.  It  is  probably  for  this  reason  that  hydrocarbon- 

.1 

based  slurries  which  separate  do  ip  within  the  first  Lew  months  u  i.  a  to,  ago. 

Hydrocarbon-based  slurries  also  exhibit  significant  density  re- 
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duct luus  during  storage  due  to  hydrogen  Lonnat  ion  at:  the  boron  sur face 
Removal  of  surface  water  can  probably  prevent:  these  density  <  hanges . 

r>.6.2  Isopropanol -Based  (Solvated l  Systems 


Isopropanol-hased  boron  slurries  appear  pent  rally  more  stable  to 
separation  during  storage  than  their  gel led  ,  hydrocarbon- based  counter¬ 
parts.  In  addition,  the  solvated  slurries  have  exhibited  no  aging  over  a 
storage  period  of  six  months  ,  are  more  reproducible  eve  though  bn  I  I  - 
milling  may  be  used,  and  may  not  exhibit  sensitivity  to  a  critical  con¬ 
tainer  diameter  for  separation  during  storage.  All  of  these  properties 
are  eons  t  stent  with  the  present  knowledge  or  the  tyj  e  oi  stru-.ture  'which 
is  present  in  the  slurry.  In  solvated  slurries,  the  structure  is  iormed 
through  the  cher.ii  al  interaction  of  carrier  with  the  boron,  hydrogen 
bonding  and  perhaps  other  types  of  close-range  interactions  are  believed 
Lo  be  involved.  Whatever  the  specific  bonding  mechanisms  may  be,  they 
do  not  appear  to  produce  any  net  chemical  changes  in  the  system  except, 
possibly,  at  the  surface  of  the  particles.  These  bonds  are  presumably 
instantaneous  (therefore,  no  aging.)  and  appear  to  be  homogeneous  through¬ 
out  the  system  (therefore,  the  possibility  of  no  critical  storage  diameter). 
The  greater  stability  of  these  systems  in  comparison  to  hydreu  arbon- 
based  systems  pronably  results  from  the  fact  that  the  entire  carrier  is 
affected  (enters  into  the  structure)  and  not  just  the  portion  in  which 
welting  agent-ye llant  interaction  is  insufficient  to  prevent  the  gel 
breakdown,  the  case  which  occurs  in  hydrocarbon-based  systems. 


It  is  interesting  to  note  that  the  ultra-fine  boron  powders  . orm 
slurries  with  JP-4  which  require  no  gellant.  These  slurries  may  be  com¬ 
parable  to  other  slurries  containing  very  small  particles  (such  as  virion 
black  slurries  or  colloidal  suspensions),  or,  perhaps,  there  is  enhanced 
particle-carrier  chemical  interaction  or  some  sort.  Based  on  sheLf- 
storage  tests  to  date,  these  slurries  also  appear  to  be  generally  more 
stable  than  the  gelled  systems  containing  an  agglomerate  s  •  ::c  distrii  ution 

I 

of  commercial  grade  boron. 
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For  isopropanol -based  alyrrlen,  there  in  probably  a  cri  u'.ejt 
solids  load i up,  below  which  settling  occurs  and  above  which  no  sett  I  iug  oc¬ 
curs.  Tlie  sett  Jin;'  for  this  type  of  system  is  rapid,  Li  it  occurs  at  all, 
because  it  results  from  there  being  more  carrier  present  than  llus  maximum 
which  can  interact  with  the  boron  surface  and/or  alcohol  molecules  near 
the  surface  of  the  particles  to  form  a  continuous  structuru.  For  ;is- 
reccivcd  commercial  boron,  the  minimum  solids  loading,  above  which  settling 
will  not  occur  is  probably  about  63  per  cent.  With  ball -mi  lied  boron  i  I: 


is  expected  that  about  73  per  cent  solids  is  tire  minimum  stable  load  in;;, 
and  this  is  probably  a  good  estimate  of  the  minimum  stable  loadin:  lor 
a  bimodal  distribution  of  washed  commercial  boron  and  ultra-line  boron 
powders.  All  or  these  loading  limits  are  based  upon  slurries  in  isop ropanol 


Above  t  .  minimum  solids  loadings,  all  oi  these  slurries  appear 
completely  stable  under  shelf-storage  conditions.  In  the  case  of  , su- 
propanol-based  slurries,  it  may  be  possible  to  enhance  both  stain’. lily 
and  rheological  properties  through  vacuum  drying  of  the  hall-milled  mater¬ 
ial  to  remove  volatile  impurities  such  as  boric  acid  and  water.  These 
slurries  (and,  in  fact,  all  boron  slurries)  should  be  stored  in  an  inert 
atmosphere  to  prevent  oxidation  at  the  surface  of  the  slurry. 

3.7  ADDITIVES 

Additives  have  thus  far  provided  no  tangible  bene  fits  to  noroii 
slurry  combustion  performance  in  terms  of  Btu/cu.tt.  delivered.  At 
present,  only  one  additive,  fluorine  gas,  appears  to  be  a  promisin'  candi¬ 
date  for  the  enhancement  of  slurry  combustion  efficiency  without  excessive- 
loss  of  volumetric  heating  value.  This  is  based  on  the  work  reported  in 
Reference  V,  in  which  fluoride  compounds  were  used  to  promote  boron 
combustion  in  a  DTA  apparatus. 
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h.O  CONCLUSIONS 

The  following  conclusions  are  based  on  the  results  and  obser¬ 
vations  obtained  from  this  program: 

(1)  Through  ball-milling  of  the  boron  (or,  possibly,  other 
agglomeration  procedures),  slurry  fuels  containing  high  pur  it 
ultra-fine  or  submicron  boron  powders  c«n  be  formulated  at 
solids  loadings  sufficient  to  be  competitive  with  presently 
used  formulations  containing  commercial  boron,  in  terms  o£ 
theoretical  volumetric  heat  release; 

(2)  The  degree  of  separation  under  centrifugation  at  Y‘nj  g 
for  24  hours  can  be  used  as  a  relative  measure  of  stability 
to  phase  separation  of  gelled  boron  slurries  during  shelf 
storage; 

(3)  Slurries  of  ball-milled  commercial -grade  boron  contain 

a  continuous  particle  size  distribution  of  about  one  to  fifty 
microns  in  diameter,  with  a  weight -average  mean  diameter  of 
about  twenty  microns; 

(4)  JP-4-based  boron  slurries  atomized  in  the  particle  mill 
produce  mostly  particles  in  the  size  range  of  2h  to  10 mic¬ 
rons,  amd  some  particles  much  smaller  and  much  larger  than 
this  range; 

( jj )  Of  the  atomization  methods  tasted,  a  poppet  atomizer 
using  slurry  heated  to  shove  the  boiling  point  of  the  carrier 
and  pressurized  to  500  psig,  produced  the  most  ef,  ctive 
slurry  atomization; 

(6)  In  the  3*^"inch  micro-ramjet  test  series  with  parti de- 
raill  injection,  good  qualitative  agreement  was  obtained  with 
previous  Marquardt  test  results  obtained  with  a  u.j-inch  test 
engine.  This  agreement  establishes  a  base  Line  for  the  use 
of  the  micro-ramjet  in  evaluating  the  combustion  performance 
of  experimental  slurry  fuels; 
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(,/)  Correlations  of  slurry  properties  with  combustion  pei  - 
iormance  obtained  from  the  micro-ramjet  test  series  were  as 
iol lows : 

(a)  Increased  volatility  of  the  carrier  enhanced 
combustion  performance; 

(h)  Smaller  particle  sizes  resulting  from  atom¬ 
ization  enhanced  slurry  performance; 

(e)  Removal  of  surface  contaminants  may  have 
enhanced  boron  combustibility; 

( ,’:5 )  The  combustion  efficiency  of  Che  liquid  carrier  was 
approximately  that  of  the  boron  in  most  of  the  micro-ramjet 
test s ; 

(  >)  Combustion  of  boron  dust  clouds  does  not.  appear  to  be 
piloted  by  ignition  of  vaporized  carrier,  under  trie  conditions 
used  in  the  micro-ramjet  tests; 

( 10 )  With  the  dual-fluid  injector,  the  only  slurry  property 
which  significantly  affected  combustion  was  the  primary  part¬ 
icle  size  of  the  boron; 

(11)  Combustion  of  boron  dust  clouds  appears  to  be  sensitive 
to  local  mixture  ratio,  and  quenching  of  the  flame  (either  by 
a  large  change  in  local  mixture  ratio  or  removal  of  an  ignit¬ 
ion  source)  is  rather  easily  effected; 

(12)  At  present,  the  most  critical  trade-off  among  properties 
of  boron  slurry  fuels  is  between  storage  stability  and  rheo¬ 
logical  properties  (viscosity  and  yield  stress)  at  low  temp¬ 
eratures  ; 

(13)  Of  the  slurry  formulations  studied  under  this  program, 
the  most  promising  are  as  follows: 
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7.0  KECOMMF.NDATIONS 

The  following  recommendations  are  made  on  r he  basis  of  the. 
results  and  observations  obtained  from  this  program: 

(l)  It  Is  recotimended  that  redirected  development  of  boron 
slurries  be  undertaken  to  meet  the  stringent  demands  of  vis¬ 
cosity  and  yield  stress  criteria  at  low  temperature  (yield 
stress  less  than  12  lb/sq.  ft.,  apparent  viscosity  loss  Lhan 
4  00  poise  at  100  sec  both  at  -6;>cF); 

(2}  It  Is  recommended  that  methods  of  eliminating  or  mini¬ 
mizing  undesirable  aging  effects  in  boron  slurries  be  devel¬ 
oped.  These  effects  include  gas  formation  and  increases  in 
yield  stress  and  apparent  viscosity  during  storage; 

(3)  It  is  recommended  that  methods  of  obtaining  boron  part¬ 
icle  size  distributions  in  the  diameter  range  of  one  to  fifty 
microns,  without  the  use  of  ball-milling  or  other  agglo¬ 
merating  techniques,  be  developed; 

(4)  It  is  recommended  that  basic  information  on  combustion 
of  boron  dust  clouds  in  air,  including  f  lamr.abi  liry  limits, 
effective  flame  velocities,  quenching  distances,  particle 
size  effects,  etc.,  be  obtained  to  aid  in  development  of 
slurry  combustors; 

('p )  It  is  recommended  that  several  phases  of  research  on 
boron  slurry  combustion  in  the  micro-ramjet  engine  be  cont¬ 
inued,  especially  definition  of  the  effects  of  varying  inlet 
air  temperature,  determir ation  of  effects  of  local  mixture 
ratios,  investigation  of  jfhe  role  of  radiation  from  the 
burner  walls  in  ignition  of  boron  particles,  and  further 
research  into  the  extent  of  atomization  which  may  occur  in 
the  combustion  zone; 

(6)  It  is  recommended  that  the  removal  of  contaminants  from 
the  boron  surface  be  further  investigated  as  a  possible  method 


84 


CONFIDENTIAL 


Atlantic  Research  Corporation 

ALEXANDRIA,  VIRGINIA 


C6NFIIENTIAL 


of  enhancing  boron  combuRtion; 

(Y)  It  is  recommended  that  a  poppet-type  atomizer,  in  com¬ 
bination  with  a  regenerat ively  healed  shiny  feed  system,  be 
considered  as  a  promising  method  of  obtaining  a  low  velocity 
stream  of  finely  atomized  boron  (slurry)  particles  lor  inject¬ 
ion  into  the  combustion  zone  of  a  ramjet  engine. 
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TABLE  XXXI 

GLOSSARY  OF  TRADENAMES 
AND  MANUFACTURERS 


Type  of  Material 
or  Equipment 


Trade  Name 


Boron 


Commercial  grade 
boron 

Submicron  boron 
High  purity, 
ultra- fine  boron 


SsiliM  Agenta 

Aluminum  aoap 

Modified  (or  subatltuted) 

polystyrene 

Aluminum  salt 


A  luma gel 

X-3487-427-21A 
A 1MB- 2 


Wetting  Agents 

Amine  surfactant  Cnamlne  RO 

n- Octyls mine  A/meen  8D 

Glycerol  sorbltan  laurate  Atlas  G-672 


Equipment 

Rotating  viscometer  Rotovlako 

Ultrasonic  (or  Hartmann 

whistle)  nozzle  Astrospray 


168 


Manufacturer 


American  Potash  and 
Chemical  Co. 

AVCO  Corporation 
Callery  Chemical  Co. 


Wltco  Chemical  Co. 

Dow  Chemical  Co. 

Shell  Development  Co. 


Onyx  Chemical  Co. 
Armour  and  -Co. 
Atlas  Powder  Co. 


Haake  Instrument  Co. 
Astrospray  Corp. 
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APPENDIX  II 

ESTIMATION  OF  RAMJET  COMBUSTION  EFFICIENCY 
BY  MEANS  OF  JET  THRUST 

Several  basic  techniques  can  be;  employed  to  determine  runijel 
combustion  efficiency.  'I'he  exhaust  products  can  be  directly  subjected  to 
chemical  analysis  and  the  total  pressure  of  the  exhaust  stream  can  be  meas¬ 
ured.  For  the  slurry  fueled  ramjet  having  a  polyphase  exhaust  stream  with 
a  nonhoniogeneous  solid/liquid  phase  distribution,  pressure  measurement  and 
exhaust  sampling  present  problems.  Combustion  efficiency  obtained  by 
measuring  jet  thrust  circumvents  many  of  these  difficulties  and  performance 
can  be  determined  by  the  following  procedure.  Given  a  ramjet  configuration 
as  shown  in  the  schematic  below: 


Air  metered  by  a  flow  rate  control  system  is  delivered  to  the  ramjet  burner 
can  and  mixed  with  boron  slurry  fuel.  The  fuel  slurry  is  dispersed  and  the 
slurry  vehicle  vaporized  between  Stations  (I)  and  (2).  Between  Stations  (2) 
and  (3)  combustion  occurs  and  the  exhaust  products  move  down  the  exhaust 
duct  to  Station  (4)  where  they  exhaust  to  the  atmosphere  at  Station  (5)  in  a 
"Mach  1"  or  sonic  free  jet.  The  walls  of  the  exhaust  duct  remove  heat  from 
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the  combustion  products  at  a  rate  denoted  Qg^.  The  heat  removed  is  measured 
by  determining  the  temperature  rise  in  the  exhaust  duct  cooling  water. 

In  order  to  place  the  combustion  efficiency  to  be  evaluated  in 
meaningful  context,  a  chemical  model  of  the  combustion  process  must  be 
given.  Inasmuch  as  the  exhaust  gas  temperatures  are  for  the  most  part  low, 
T(_r  <r  3000"  F,  an  elementary  chemical  model  is  employed. 

O 

a0B  t  ajCyl  Oz  +  a202  +  cc^2  4  HA  ’ 

(1) 

(3jB  ■+  f  +•  /3g02  4  ^6^2  1 

■a 

It  is  assumed  that  the  metal  fuel  component,  in  this  case  boron, 
goes  to  its  common  oxide  BgO^  and  that  the  hydrocarbon  vehicle  oxidizes  to 
C02  and  HgO.  The  cracked  hydrocarbon  species  resulting  from  combustion 
inefficiencies  are  neglected  in  the  product  summations.  The  molal  How  of 
reactants  is  given  in  forms  of  the  weight  flow  of  fuel  and  air  and  their  re¬ 
spective  composition  weight  fractions.  In  general,  for  reactants,  the  molal 
reactant  flow  is: 


whore 

kj  weight  fraction 
molecular  weight 
w-  air/fuel  flow  rate 

The  molal  flow  of  products  is  computed  by  the  familiar  conserva¬ 
tion  of  atoms  procedure.  With  the  mols  of  reactants  and  products  thus  defined, 
the  total  enthalpy  flow  at  Station  (3),  vhere  combustion  is  assumed  to  be  com- 

i 

plete,  is:  ! 

n 

Ho  Y  ft: h-  ('['.)  f  77  aoAH  t  o,  All  (3) 
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whore 

Tj  -  the  initial  fuel  and  air  total  temperature 

r,  the  combustion  efficiency 

» 

A  temperature  at  Station  (3)  can  be  computed  by  determining  at  what  total 
temperature  T<  the  product  enthalpy  summation  will  satisfy  the  equation 

O  • 


Moving  to  Station  (5),  the  exit  plane  of  the  exhaust  duct,  the  total  enthalpy  flow 
is  the  same  as  Station  (4)  which  differs-from  Station  (5)  enthalpy  by  that  heat 
given  up  to  the  exhaust  duct  cooling  water.  Thus,  at  Station  (5),  the  total 
enthalpy  flow  is: 

n 

«5  ‘  «3  -  «34  "  l  %»i  Tt,  (5) 

i-1  5 

With  the  enthalpy  thus  defined  for  the  exit  plane,  the  procedure  for 
estimating  thrust  follows  directly  from  the  assumption  that  the  flow  in  the 
exhaust  nozzle  is  an  isentropic  expansion  of  the  combustion  products  to  the 
sound  velocity  of  the  exit  plane.  For  the  polyphase  flow  conditions  of  the  ex¬ 
haust,  where  condensed  phases  of  metal  oxide  appear  as  exhaust  products, 
both  kinematic  and  thermodynamic  equilibrium  are  assumed  to  exist.  In  the 
case  of  boron,  the  oxide  product  phase  is  assumed  to  be  liquid  and  the  equi¬ 
librium  second  speed  relationship  can  be  developed  in  the  following  way. 

Given  a  stationary  wave  in  a  gas/dust  mixture  constrained  to  a  constant  area 
channel  as  shown  in  the  sketch  below: 
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where 

p  -  pressure 

p  -  composite  density 

c  =  gas  velocity  into  the  wave 


The  conservation  equations  of  momentum  and  mass  taken  together  result  in  an 
expression  for  the  pressure  differential  through  the  wave  in  terms  of  the 
velocity  differential. 


dp  -  p  c  du  (6) 

The  composite  density  can  be  expressed  as 

p  =  (1  +  e)pg  (7) 

Using  the  mass  continuity  equation  across  the  wave  to  eliminate 
the  velocity  differential  in  the  momentum  equation  and  substituting  for  the 
composite  density  gives  the  relationship 

dp  =  (1  +  c)  C2  dpg  (8) 

For  infinitesimal  pressure  and  velocity  changes  the  process  may  be  assumed 
adiabatic  and  reversible;  thus 


(1  +  0 

*  ‘^'S 


(9) 


Since  for  the  isentropic  wave  there  can  be  no  change  in  entropy,  application 
of  the  second  law  of  thermodynamics  and  the  equation  at  state  for  perfect 
gases  gives  the  following  expression  relating  pressure  and  volume 

dv„ 


(eCg  +  Cvg)  +  (eCg  +  Cpg)- 
p  v 


g 


=  0 


g 


which  when  integrated  takes  the  famil  ar  form: 


lr 

pvg  -  constant 

where 

eC  *  Cp 

k 

'Cs  .  CvB 
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Using  the  modified  ratio  of  the  specific  heats,  the  sound  speed  becomes 

C2  R„T 


where 


1  +  €  B' 


R  -  gas  constant  of  the  gas  phase  alone 

b 


In  the  case  where  one  or  more  gaseous  and  solid/liquid  species  are  present, 
as  in  the  exhaust  of  a  ramjet  combustor  using  metalized  fuels,  the  sound 
speed  can  be  given  as 


where 


_  ram. 

m'  -  — — 


C2  - 


mj;  _  _1_ 
R  Cp 


racp. 
cP  =  — - — i 
r^imi 

and  the  prime  denotes  summation  on  the  gas  phase  species  only. 

With  the  sound  speed  thus  defined,  the  procedure  for  determining 
the  static  temperature  and  velocity  at  the  exit  plane  requires  an  equation 
relating  total  enthalpy,  static  enthalpy  and  velocity.  This  relationship  for  the 
exit  plane  is 


UR2  •  I  \  ft 

~t  ■  hK!  -  a^ 


and,  of  course,  the  equivalent  expression  for  sound  speed  is 
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For  sonic  conditions  at  the  exhaust 


V  C5 

and  both  the  exhaust  static  temperature  and  velocity  are  determined.  The 
moan  static  pressure  at  the  exhaust  is  calculated  using  the  equation; 


R  Te 


> 


A5KEU5i=l 


(15) 


where  the  prime  denotes  gas  phase  products  only.  The  discharge  coefficient 
Kj.  is  determined  by  calibration  procedures  which  will  be  described  further 


on. 


The  thrust  of  the  ramjet  test  apparatus  is  now  defined  and  can  be 
expressed  in  terms  of  the  quantities  calculated  thus  far 

u5  " 


F  “  -f  }  “lmi  *  a5<P5  '  pa> 
i  =  0 


(16) 


where 


p_  -  atmospheric  pressure 

a 


With  the  thrust  so  defined,  it  is  now  possible  to  converge  the  cal¬ 
culated  thrust  to  the  observed  thrust  by  iterating  on  combustion  efficiency. 

This  is  accomplished  in  practice  by  vising  a  false  position  search  procedure 
where  zero  efficiency  and  unit  efficiency  are  used  as  the  initial  boundary 
values. 

Having  determined  combustion  efficiency,  it  is  desirable  to  round 
out  the  process  and  compute  a  number  of  auxiliary  parameters  such  as  ex¬ 
haust  total  pressure,  combustor  pressure  loss  coefficient  and  specific  impulse. 
Of  these,  total  pressure  and  combustor  drag  are  the  most  laborious.  The 
formula  for  computing  total  pressure  in  a  gas-dust  mixture  where  (lie  species 
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have  temperature  dependent  thermodynamic  properties  can  be  developed  by 
assuming  as  before  thermodynamic  and  kinematic  equilibrium.  Since  total 
pressure  results  from  the  isentropic  stagnation  of  a  flow,  setting  the  deriva¬ 
tive  of  the  entropy  of  the  flow  equal  to  zero  is  the  obvious  starling  point. 


dU  +  pdv 


By  expanding  the  internal  energy  term  and  using  the  equation  of 
state  to  eliminate  the  volume  differential,  the  equation  becomes: 

n  \ 

1  0i°Pi 

i=l _ \_  dT  _  d£ 

n 


(17) 


\  R  L  H 

\  i  - 1  ' 


Integration  and  substitution  of  appropriate  limits  result  in  the 

equation: 


which  can  be  solved  by  numerical  integration. 

The  combustor  pressure  loss  coefficient  is  defined  as 


C 


B  £ 


*1 


(19) 


where 

q  =  the  incompressible  dynamic  pressure 

The  computation  of  the  dynamic  pressure  is  all  that  is  required  to  determine 
this  coefficient.  In  terms  of  the  met  sured  total  pressure  at  Station  (l),  the 
dynamic  pressure  is:  * 
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JF  * 

5: 

§> 

I  * 


where 


where 


VI 


<*1  B 


(20) 


Vi  ratio  of  the  specific  heats 
Mj  -  Mach  number 

The  Mach  number  of  the  How  Is  determined  b,  solving  t|,e  <xuu 


equation 


</\  . 


'  r*“  VJ 

r 1  “^b^r  v)  " 


v 


wa  -  weight  flow  of  air 


(21) 


need.  SpCClilc  Pert°rn>Mce  can  be  expressed  in  any  number  of  ways  de¬ 
pending  upon  one's  interests.  Probably  the  simplest  compromise  is  to  present 

conveTd  “  ln,PU‘Se  ,0r  3°“C  «■*»-  Which  can  he  easUy 

e  o  ue  specific  impulse,  eta.  Gross  air  specific  impulse  is  defined 
&s« 


spa 


w, 


a 


(22) 


hv  a  n  A  he  ‘  °‘  thiS  development> 11  was  stated  that  air  was  metered 
by  a  flow  rate  control  system.  As  with  any  "real”  piece  of  apparatus,  it  is 

subject  to  systematic  error,  and,  therefore,  must  be  calibrated.  The  air  flow 

soml  vem  iStC°mP0Sed  °f  “  autoraatic  regu'atiny  system  and  a 

some  Venter,  meter.  Schematically,  the  system  is  arranged  as  follows- 
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Reservoir 


Air  contained  in  the  air  storage  reservoir  is  admitted  to  the 
Venturi  meter  at  a  constant  pressure,  p^,  usually  sufficiently  high  to  cause 
the  meter  to  operate  at  nominally  choked  conditions.  Thus,  the  weight  flow 
of  air  to  a  first  approximation  is  directly  proportional  to  the  total  pressure, 
pto,  the  area  Aq  and  inversely  proportional  to  the  square  root  of  the  total 
temperature,  T^.  Since  downstream  impedances  may  cause  small  deviations 
from  "choked”  conditions  at  the  Venturi  and  the  heat  exchanger  which  con¬ 
nects  the  reservoir  discharge  air  temperature  is  subject  to  drift,  the  quanti¬ 
ties  ptQ,  Pq»  Tt  are  continuously  monitored.  Thus,  the  air  weight  flow 
delivered  by  the  system  at  any  instant  is  given  by  the  formula: 


where 


O 


Wr 


_  _ 

2(y  -  1) 


Kq  =  discharge  coefficient 


(23) 
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Recalling  that  Equation  IS  contains  a  discharge  coefficient  related 
to  the  flow  leaving  the  exhaust  nozzle  at  Station  (5),  it  is  clear  that  this  co¬ 
efficient  and  the  Venturi  coefficient  form  the  calibration  parameters  of  the 
system.  Two  independent  equations  can  be  written  for  these  coefficients  pro¬ 
viding  an  additional  measurement  is  made  to  determine  the  average  total 
pressure  in  the  exhaust.  This  is  accomplished  during  a  calibration  lest  by 
means  of  a  total  pressure  rake  located  on  the  exit  plane  of  the  exhaust.  With 
the  test  burner  in  place,  air  at  test  conditions  is  passed  through  the  apparatus 
but  no  fuel  is  admitted.  The  assumption  made  is  that  the  velocity  distribution 
in  the  exhaust  is  not  primarily  a  function  of  the  combustion  process  but  of  the 
duct  and  apparatus  geometry.  This  assumption  is  born  out  by  the  total  pres¬ 
sure  profiles  obtained  in  the  exhaust  duct  during  combustion.1  The  profiles 
have  substantially  the  same  shape  when  there  is  no  combustion. 

Thus  the  discharge  coefficients  can  be  determined  using  the  follow¬ 
ing  two  equations:  r  _  y 


F  -  A 


K0  = 


shM 

[2yR  Tt 


y  - 1 


g  (y  +  l) 


\A5 


Jihrl 


y  +  1 

+  1i2(y-D 


where 


Q34  (y  “  1) 


T.  =  T, - 

ll  yRw, 


wa  =  air  weight  flow  for  Kq  =  1 


LSee  Figure  48  -  Bare  Duct  Pressure  Calibration  and  Appendix  III. 
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EQUIVALENCE  RATIO  FOR 
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tabu:  XXX II 


COMBUSTION  EFFICIENCY  VERSUS  FUEL-TO-AIR  RATIO  FOR  SLURRY 
OF  73  PER  CENT  BALL-MILLED  BORON  IN  JP-4  CARRIER,  TESTED 
IN  THE  3 “INCH  MICRO-RAMJET  TEST  ENGINE.  INLET  CONDITIONS 
MACH  2.5  AT  SEA  LEVEL.1  (FUEL  ATOMIZED  BY  PARTICLE 
MILL  US INC  ABOUT  10  PER  CENT  OF  THE  AIR). 

TEST  NO.  1. 


FUKL-TO-AIR 

RATIO 

„-Mlh _ 

0.0000 

l».o.«3 

0.0115 

0.011*2 

O.OloS 

o.ul<3 

0 . 0204 
U . 02 16 
0.022  4 


COMBUSTION 
EFFICIENCY 
FROM  THRUST 
MEASUREMENT 

0.720 

0.496 

0.453 

0.420 

0.33? 

0.330 

0.340 

0.293 

0.272 


COMBUSTION  EFFICIENCY  FROM  CHEMICAL 
ANALYSIS  OF  EXHAUST  SAMPLES 
ASSUMING  CARRIER 


EFFICIENCY  SAME 
AS  THAT  OF  BORON 


ASSUMING  COMPLETE 
CARRIER  COMBUSTION 


0.746 

y.8l 

0.5II 

*  O  2 

0.430 

o.5o 

0.404 

0.44 

0.337 

u.4v 

0.301 

0.4. .. 

0.254 

0 . 4u 

0 . 160 

•  •  •  3 

O.I76 

0 . 1' 

1  Actual  inlet  conditions,  air  flow  rates,  and  thrust  levels  are 
contained  in  Table  XXXIII. 
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Test.  Conditions  and  Total  Thrust:  Lave  I  s  For 
;  jt  Test  of  Slurry  of  73  Per  Cent 
Boron  in  JP-4  (Test  No.  1) 


POINT 

NUMBER 

FUEL-TO-AIR 
RATIO 
lb /lb 

T_ 

T1 

Jl 

psla 

AIR  FLOW  RATE 
lh/see 

OBSERVED 
TOTAL  THRUST  * 
lb 

1 

. .  QuOu 

1036 

lStl.O 

0.0  5 

2 

c.' JO'S  3 

1074 

155.0 

17.12 

3 

0.0115 

1093 

156.0 

.  Y*  • 

ct'.) 

L 

7.0142 

lloy 

157.7 

j.66 

•V:  l 

5 

0.0162 

1122 

160.0 

7.58 

V:  >u 

b 

0.01v3 

1132 

164.5 

9. 5  7 

:joo 

7 

0 . 0204 

1138 

166.0 

9.00 

y  ^ 

8 

0.0216 

1138 

166.5 

,).ol 

d  *;■: 

9 

0.0229 

1142 

166.0 

9 . 60 

■N 

*  Corrected  for  vertical  component  of  force  caused  by  lengthening  oi 
air  delivery  duct. 
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COMBUSTION  EFFICIENCY  VERSUS  FUEL-TO-AIR  RATIO  FOR  SLURRY 
OF  64  PER  CENT  BALL -MILLED  BORON,  16  PER  CENT  B^  Pr)  IN 

SO£, -EXTRACTED  PARAFFINIC  KEROSENE  CARRIER,  TESTED  IN  THE 

3 .  'INCH  MICRO-RAMJET  TEST  ENGINE.  INLET  CONDITIONS1  - 
MACH  2.5  AT  SEA  LEVEL.  (FUEL  ATOMIZED  BY  PARTICLE  MILL 
USING  ABOUT  10  PER  CENT  OF  THE  AIR). 

TEST  NO.  2. 


COMBUSTION  EFFICIENCY  FROM  CHEMICAL 
ANALYSIS  OF  EXHAUST  SAMPLES 
ASSUMING  CARRIER 

EFFICIENCY  SAME  ASSUMING  COMPLETE 

AS  THAT  OF  BORON  CARRIER  COMBUSTION 


FUEL-TO-AIR 

RATIO 

Ib/lb 


COMBUSTION 
EFFICIENCY 
FROM  THRUST 
MEASUREMENTS 


0.0067 

0.127 

0,0106 

0.103 

0.0139 

0 . 206 

0.0153 

0.152 

0.0177 

0. 171 

0.0  too 

0.128 

0.0230 

0.050 

0.163 

0.30 

0.197 

0.33 

0.126 

0.27 

0.102 

t 

v/  •  «-  > 

0.096 

0.24 

0.171 

0.31 

1  Actual  inlet  conditions,  air  flow  rates,  and  thrust  levels  are 
presented  in  Table  XXXV. 
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TABLE  XXXV 


Test  Conditions  and  Total  Thrust  Levels  For 
Micro-Ramjet  Test  of  Slurry  of  64  Per  Cent 
Boron,  16  Per  Cent  bj^P2  *n  SO^-Extracted 

Paraffinic  Kerosene  (Test  No.  2) 


POINT 

NUMBER 

FUEL-TO-AIR 

RATIO 

lb/lb 

T_ 

1  , 
°R 

?Tl 

psia 

AIR  FLOW  KATE 
lb/sec 

OBSERVED 
TOTAL  THRUST* 
lb 

1 

0.006? 

845 

109 

8 . 65 

566 

2 

0.0106 

901 

120 

8.74 

59O 

3 

0.0139 

925 

129 

8.77 

655 

4 

0.0153 

978 

130 

8.79 

666 

5 

0.0177 

674 

125 

8.81 

64? 

6 

0.01Q0 

874 

127 

8.88 

630 

7 

0.0230 

876 

124 

6.90 

594 

* 


Corrected  for  vertical  component  of  force  caused  bv  lengthening  of 
air  delivery  duct. 
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COMBUSTION  EFFICIENCY  VERSUS  FUEL-TO-AIR  RATIO  FOR  SLURRY 
OF  75  PER  CENT  BALL-MILLED  BORON  IN  ISOPROPANOL,  TESTED  , 
IN  THE  3. 5 -INCH  MICRO-RAMJET  TEST  ENGINE.  INLET  CONDITIONS 
-  MACH  2.5  AT  SEA  LEVEL.  (FUEL  ATOMIZED  BY  PARTICLE  MILL 
USING  ABOUT  10  PER  CENT  OF  THE  AIR). 

TEST  NO.  3. 


COMBUSTION  EFFICIENCY  FROM  CHEMICAL 


FUEL-TO-AIR 

RATIO 

Lb/lb 

COMBUSTION 

EFFICIENCY 

FROM  THRUST 
MEASUREMENTS 

ANALYSIS  OF 
ASSUMING  CARRIER 
EFFICIENCY  SAME 
AS  THAT  OF  BORON 

EXHAUST  SAMPLES 

ASSUMING  COMPLETE 
CARRIER  COMBUSTION 

0.0096 

O.59O 

0.617 

0.6c.i 

0.0129 

0.491 

0.517 

0.60 

0.0149 

0.449 

0.410 

0 . 50 

0.0163 

0.403 

0.352 

0.45 

0.0177 

0.344 

0.268 

0.39 

0.0192 

0.329 

0.227 

0. 35 

0.0207 

0.266 

0 . 194 

0.32 

I  Actual  inlet  conditions,  air  flow  rates,  and  thrust  levels  are 
presented  in  Table  XXXVII. 
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Test  Conditions  and  Total  Thrust  Levels  For 
Micro-Ramjet  Test  of  Slurry  of  75  Per  Cent 
Boron  in  Isopropanol  (Test  No.  3) 


POINT 

NUMBER 

FUEL-TO-AIR 
RATIO 
lb /lb 

\ 

°R 

?T1 

psla 

AIR  FLOW  RATE 
lb/ sec 

OBSERVED 
TOTAL  THRUST 
lb 

1 

0.0096 

881 

145.5 

9-33 

7  60 

2 

0.0129 

879 

150.0 

9.33 

777 

3 

0.0149 

878 

151.0 

9.35 

786 

4 

O.OI63 

882 

151.0 

9-38 

787 

5 

0.0177 

876 

■  153.0 

9.45 

780 

1 

i  o 

> 

0.0192 

87? 

153.0 

9.41 

783 

!  7 

0.0207 

874 

149.0 

9.43 

760 

* 


Corrected  for  vertical  component  qf  thrust  caused  by  lengthening 
of  air  delivery  duct. 
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COMBUSTION  EFFICIENCY  VERSUS  FUEL-TO-A1R  RATIO  FOR  SLURRY 
OF  ?0  PER  CENT  BALL-MILLED  HIGH  PURITY,  ULTRA-FINE 
BORON  IN  JP-4,  TESTED  IN  THE  3.5-INCH  MICRO-RAMJET  TEST  ENGINE. 
INLET  CONDITIONS!  -  MACH  2.5  AT  SEA  LEVEL.  (FUEL  ATOMIZED  BY 
PARTICLE  MILL  USING  ABOUT  10  PER  CENT  OF  THE  AIR). 

TEST  NO.  4. 


FUEL-TO-AIR 
RATIO 
lb /lb 

COMBUSTION 
EFFICIENCY 
FROM  THRUST 
MEASUREMENTS 

COMBUSTION  EFFICIENCY  FROM  CHEMICAL 
ANALYSIS  OF  EXHAUST  SAMPLES 

ASSUMING  CARRIER 

EFFICIENCY  SAME  ASSUMING  COMPLETE 

AS  THAT  OF  BORON  CARRIER  COMBUSTION 

0.0056 

0.632 

0.713 

o-7:) 

0.0087 

0.539 

0.614 

o./l 

0.0113 

0.513 

0.524 

O.05 

0.0130 

o.46o 

0.451 

O.59 

0.0142 

0.416. 

0.363 

0.53 

O.OI56 

0.368 

•  0.324 

0.49 

0.0  If/) 

0.372 

0.273 

.f 

'■'■•45 

1  Actual  inlet  conditions,  air  flow  rate,  and  thrust  levels  are 
presented  in  Table  XXXIX. 
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Test  Conditions  and  Total  Thrust  Levels  For 
Micro-Ramjet  Test  of  Slurry  of  70  Per  Cent 
High  Purity,  Ultra-Fine  Boron  in  JP-4  (Test  No. 


FUEL-TO-AIR  T_  P_ 

POINT  RATIO  T1  ll  AIR  FLOW  RATE 


li) 


OBSERVED 
TOTAL  THRUST* 


NUMBER 

lb /lb 

°R 

psia 

lb/sec 

lb 

1 

0.0058 

879 

128 

9.30 

710 

£ 

0.0087 

893 

143 

9.38 

700 

3 

0.0113 

888 

150 

9.1+1 

781 

li 

O.0I30 

393 

152 

9.'  ^ 

79o 

3 

0.0142 

893 

152 

9.50 

791 

6 

O.OI58 

893 

1^4 

9.54 

792 

7 

G.UI69 

89U 

155 

10.50 

32u 

*  Corrected  for  vertical  component  of  thrust  caused  by  lengthening 
of  air  supply  duct. 
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COMBUSTION  EFFICIENCY  VERSUS  FUEL-TO-AIR  RATIO  FOR  SLURRY 
CONTAINING  7b  PER  CENT  BALL  MILLED  SUBMICRON 
BORON  IN  JP-4  CARRIER,  TESTED  IN  THE  3.b-INCH  MICRO-RAMJET 
TEST  ENGINE.  INLET  CONDITIONS1  -  MACH  2.5  AT  SEA  LEVEL 
(FUEL  ATOMIZED  BY  PARTICLE  MILL  USING  ABOUT  lO  PER  CElVT  OF  THE  AIK). 

TEST  NO.  6. 


COMBUSTION  EFFICIENCY.  FROM  CHEMICAL 


FUEL-TO-AIR 
RATIO 
lb /lb 

COMBUSTION 

EFFICIENCY 

FROM  THRUST 
MEASUREMENTS 

ANALYSIS  OF 
ASSUMING  CARRIER 
EFFICIENCY  SAME 
AS  THAT  OF  BORON 

EXHAUST  SAMPLES 

ASSUMING  COMPLETE 
CARRIER  COMBUSTION 

o.oo64 

0.455 

0.419 

0.50 

0.0097 

0.366 

0.386 

o.b3b 

0.0130 

0.314 

0.338 

0.50 

0.0146 

0.341 

0.333 

0.4y5 

1  0.0163 

O.303 

0.286 

0.46 

0.0176 

0.263 

0.248 

0.43 

1 . 0 194 

0.260 

0.200 

0 . 385 

0.0210 

0.246 

0.174 

0.375 

T 


l  Actual  inlet  conditions,  air  f !ow  rates,  and  thrust  levels  are 
presented  in  Table  XU.  * 
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Test  Conditions  and  Total  Thrust  Levels  for  Micro-Ramjet 
Test  of  Slurry  of  75  Cent  Submicron  Boron  in  JP-4  (Test  No.  6) 


POINT 

NUMBER 

FUEL-TO-AIR 
RATIO 
lb /lb 

\ 

SR 

% 
ps  la 

AIR  FLOW  RATE 
lb/sec 

OBSERVED 
TOTAL  THRUST 
lb 

1 

0.0084 

787 

123 

8.87 

024 

2 

0 . 00’ 97 

337 

136 

8.03 

664 

3 

0.0130 

878 

145 

3.92 

69I 

4 

0.0146 

876 

153 

8.96 

723 

5 

O.OI63 

874 

152 

9.00 

Yin 

6 

O.OI78 

878 

153 

9.03 

723 

7 

O.OI94 

875 

154 

9.01 

725 

0 

0.0210 

876 

154 

9.05 

72b 

*  Corrected  for  vertical  component  of  thrust  caused  by  lengthening 
of  air  supply  duct. 
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table  xlii 


COMBUSTION  EFFICIENCY  VERSUS  FUEL-TO-AIR  RATIO  FOR  SLURRY 

B0R0N»  35  PER  CENT  ISOPHOPANDL, 
TESTED  IN  THE  3* 5 “INCH  MICRO-RAMJET  TEST  ENGINE  INLET 
OONDITtONSl  -  MACH  S.J  AT  SEA  LEVEL .  (FUEL  ATOMIEEd'm’ 
PARTICLE  MILL  USING  ABOUT  10  PER  CENT  OK  THE  AIR) 

TEST  NO.  7.  " 


FUEL-TO-AIK 

RATIO 

Ib/lb 


COMBUSTION 
EFFICIENCY 
FROM  THRUST 
MEASUREMENTS 


COMBUSTION  EFFICIENCY  FROM  CHEMICAL 
ANALYSIS  OF  EXHAUST  SAMPLES 

assuming  carrier  — 

EFFICIENCY  SAME  ASSUMING  COMPLETE 

AS  THAT  OF  BORON  CARRIER  COMBUSTION 


0.004 9 

6.796 

O.OG’79 

0.746 

0.0037 

0.826 

O.795 

0.84 

0.862 

O.9O 

0.825 

0.87 

i  Actual  Inlet  conditions,  air  flow  rates, 
presented  in  Table  XL1I1. 


and  thrust  levels  are 
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Test  Conditions  and  Total  Thrust  Levels  lor  Micro -Ram let 
Test  of  Slurry  of  65  Per  Cent  Washed  Boron  in  Isopropanol 

(Test  No.  y) 


POINT 

NUMBER 

FUEL-TO-AIR 
RATIO 
lb/ lb 

T_ 

T1 

°_K_ 

ps  la 

AIR  FLOW  KATE 
lb/sec 

OBSERVED 
TOTAL  THRUST* 
lb 

1 

yj .  0049 

835 

142 

9.36 

726 

2 

0.0079 

881 

150 

9.37 

780 

3 

0.003? 

879 

136 

9.68 

HSu 

*  Corrected  for  vertical  component  of  force  caused  by 
air  supply  duct. 


lengthening  of 
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Figure  71.  Combustion  Efficiency  Versus  Equivalence  Ratio  for 
Test  No.  1,  using  a  JP-4  Based  Boron  Slurry 
Containing  73  Per  Cent  Solids.  Tested  in  the  3. 5-inch 
Micro-Ramjet  Engine  with  Particle  Mill  Injection. 
Inlet  Conditions  -  Mach  2.5  at  Sea  Level,  Cold  Day. 
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Figure  72.  Combustion  Efficiency  Versus  Equivalence  Ratio  for 
Test  No.  3,  using  a  Slurry  of  75  Per  Cent  Boron  in 
Isopropanol.  Tested  in  the  3.5-inch  Micro-Ramjet 
Engine  with  Particle  Mill  Injection.  Inlet 
Conditions  -  Mach  2.5  at  Sea  Level,  Cold  Day. 


213 


CONFIDENTIAL 


COMBUSTION  EFFICIENCY 


COMBUSTION  EFFICIENCY 


I  1 

% 

± 


rnrrrwriTniniinfrrn-"/,  iwr"  •'  i  ,L.  ..n  r. 


AtLANTlC  RESEARCH  CORPORATION 
AtKXANOPlA,  VIROlN  I A 


CONFIDENTIAL 


0.03 


0.05 


0.10 


#9848 


0.20  0.30 


0.50 


EQUIVALENCE  RATIO 


Figure  74.  Combustion  Efficiency  Versus  Equivalence  Ratio  for 
Test  No,  6,  using  a  JP-4  Based  Boron  Slurry 
Containing  75  Per  Cent  Submicron  Boron  Tested 
in  the  3.5-inch  Micro- Ramjet  Engine  with  Particle 
Mill  Injection.  Inlet  Conditions  -  Mach  2.5  at 
Sea  Level,  Cold  Day. 
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POINT 

NUMBER 

FUEL-TO-AIR 
RATIO 
lb /lb 

T„ 

T1 

°R 

?T1 

psia 

AIR  FLOW  RATE 
lb/sec 

OBSERVED 
TOTAL  THRUST 
lb 

I 

0.006? 

880 

139.2 

9.24 

685 

2 

0.0082 

880 

143-7 

9.26 

725 

3 

0.0110 

880 

144.5 

9-28 

730 

4 

0.0139 

681 

148.0 

9.27 

767 

5 

0.0168 

882 

150.7 

9.30 

736 

6 

0.0196 

680 

152.4 

9.30 

301 
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TABLE  XLVI 


Test  Conditions  and  Total  Thrust  Levels  For 
Micro-Ramjet  Test  of  Slurry  of  75  Per  Cent 
Boron  In  Isopropanol  (Test  No.  14) 


POINT 
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FUEL-TO-AIR 
RATIO 
lb /lb 

T_ 

T1 

°R 

?T1 
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Test  Conditions  and  Total  Thrust  Levels  For 
Micro-Ramjet  Test  of  Slurry  of  80  Per  Cent 
Boron  In  Isooctane  (Test  No.  15) 


POINT 

NUMBER 

fubl-to-air 

RATIO 
lb/ lb 

T_ 

T1 

°R 
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AIR  FLOW  RATE 
lb/sec 
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TOTAL  THRUST 
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Figure  75.  Combustion  Efficiency  Versus  Equivalence  Ratio 
for  Test  No.  13,  using  a  JP-4  Based  Boron  Slurrv 
Containing  73  Per  Cent  Solids  Tested  in  the 
3.5-inch  Micro-Ramjet  Engine  Equipped  with 
the  Total  Pressure  flake.  Inlet  Conditions  - 
Mach  2.5  at  Spa  Level,  Cold  Day. 
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$ 

Figure  76,  Combustion  Efficiency  Versus  Equivalence  Ratio  for 
Test  No.  14,  using  an  Isopropanol-Based  Boron  Slurry 
Containing  75  Per  Cent  Solids,  Tested  in  the  3. 5-inch 
Micro-Ramjet  Engine  with  and  Without  the  Total 
Pressure  Rake.  Inlet  Conditions  -  Mach  2.5  at  Sea 
Level,  Cold  Day. 
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mostly  between  10  and  '50  microns  in  diameter.  (C) 

Combustion  tests  were  performed  in  an  ambient -pressure  combustor 
and  a  3.15-inch  micro -ramjet  engine  equipped  with  a  particle  mill  or  wil.h 
a  dual- fluid  injector.  The  results  of  the  particle -mill  tests  established 
a  base-line  for  comparison  of:  micro-ramjet  combustion  data  w.i  cli  data  from 
the  Marquardt  test  engine.  Trends  observed  in  combustion  performance  as  a 
function  of  slurry  properties  included  enhancement  of  performance  corres¬ 
ponding  to  :  a  more  volatile  carrier;  smaller  particle  size  resulting  from 
atomization;  and  (possibly)  decontamination  of  the  surface.  With  Lhc  dual- 
fluid  injector  the  slurry  containing  70  per  cent  ultra-fine,  high -purity 
boron  performed  best  by  far,  indicating  a  strong  enhancement  due  to  the 
small  particle  size  when  the  slurry  is  well  atomized.  (C) 

Very  little  combustion  data  were  obtained  with  slurries  containing, 
BO  per  cent  solids,  because  of  dilation  of  these  slurries  in  the  feed  system. 
The  two  most  promising  formulations  at  present  are  73  per  cent  bull-milled 
boron  in  gelled  JP-4,  and  75  per  cent  ball-milled  boron  in  isopropanol. 

These  two  slurries  performed  similarly  in  the  particle-mil 1-uquippcd 
micro-ramjet  engine.  (C) 
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